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3.  Publications  and  Presentations 
3.1  Publications 

Proceedings  Edited: 

1 .  Hierarchically  Structured  Materials,  Proceedings  of  an  MRS  Symposium,  edited  by 
Ilhan  A.  Aksay,  E.  Baer,  M.  Sarikaya,  and  D.  A.  Tirrell,  Vol.  228,  1-450  (Materials 
Research  Society,  Pittsburgh,  PA,  1992). 

2.  Resolution  in  Microscopy,  Special  Issue  of  Ultramicroscopy,  47,  [1-3]  1-306 
(Elsevier,  Amsterdam,  1992);  edited  by  M.  Sarikaya. 

3.  Determinationof  Nanoscale  Physical  Properties  of  Materials  by  Microscopy  and 
Spectroscopy,  Proc.  of  MRS  Symposium,  edited  by  M.  sarikaya,  K.  Wickramasinghe, 
and  M.  Isaacson,  Vol.  332  (Materials  Research  Society,  Pittsburgh,  PA,  1994)  (80 
papers  and  700  pages). 

Published  Manuscripts  and  Those  in  the  Works; 

1.  M.  Sarikaya  and  I.  A.  Aksay,  "Nacre  of  Abalone  Shell:  A  Natural  Multifunctional 
Nanolaminated  Ceramic-Polymer  Composite  Material,"  Chapter  1,  in  RESULTS  AND 
PROBLEMS  IN  CELL  DIFFERENTIATION,  Vol.  19:  Structure,  Cellular  Synthesis, 
and  Assembly  of  Biopolymers,  edited  by  Steven  Case  (Springer  and  Verlag, 

Amsterdam,  1992)  pp.  1-25. 

2.  I.  A.  Aksay  and  M.  Sarikaya,  "Bioinspired  Processing  of  Composite  Materials,"  in 
Ceramics:  Toward  the  21st  Century,  Centennial  International  Symposium,  edited  by  N. 
Soga  and  A.  Kato  (Ceramic  Society  of  Japan,  Tokyo,  1991)  pp.  136-149. 

3.  J.  Liu,  M.  Sarikaya,  and  I.  A.  Aksay,  "Hierarchical  twin  Structures  in  the  Nacre  of  Red 
Abalone  Shell,"  49th  Ann.  Meeting  of  Electron  Microscopy  Society  of  America, 
edited  by  G.  W.  Bailey  (San  Francisco  Press,  San  Francisco,  1991)  pp.  848-849. 

4.  M.  Sarikaya  and  I.  A.  Aksay,  "Synthetic  and  Biological  Nanocomposites,"  Proc.  of  5th 
Inti.  Conf  on  Ultrastructure  Processing,  edited  by  L.  L.  Hench  and  J.  K.  West 
(Wiley,  New  York,  1991)  pp.  543-550. 

5.  M.  Sarikaya,  "Evolution  of  Resolution  in  Microscopy,"  Ultramicroscopy  ,  47  [1-3]  1-16 
(1992). 

6.  N.  B.  Pellerin,  G.  L.  Graff,  D.  R.  Treadwell,  J.  T.  Staley,  and  I.  A.  Aksay,  "Alginate  as 

a  Ceramic  Processing  Aid,"  Biomimetics,  1  [2]  119-130  (1992). 


54 


7.  T.  Ren,  N.  B.  Pellerin,  G.  L.  Graff.  I.  A.  Aksay,  and  J.  T.  Staley.  "Dispersion  of  Small 
Ceramic  Particles  (AI2O3)  with  Azotobacter  vinelandii”  Appl.  Environmental 
Microbiol.,  58  [9]  3130-3135  (1992). 

8.  K.  Gunnison,  M.  Sarikaya,  J.  Liu.  and  I.  A.  Aksay,  "Structure-Mechanical  Property 
Relationships  in  a  Biological  Ceramic-Polymer  Composite:  Nacre,'  in  Proc.  of 
Hierarchically  Structure  Materials,  Symposium-Z,  edited  by  I.  A.  Aksay,  E.  Baer,  M. 
Sarikaya,  and  D.  Tirrell  (Materials  Research  Society,  Pittsburgh,  PA,  1992)  pp.  171- 

184. 

9.  J.  Liu,  M.  Sarikaya,  and  I.  A.  Aksay,  "A  Hierarchically  Structured  Model  Composite;  A 
TEM  Study  of  Hard  Tissue  of  Red  Abalone  Shell,"  in  Proc.  of  Hierarchically  Structure 
Materials.  Symposium-Z,  edited  by  I.  A.  Aksay,  E.  Baer,  M.  Sarikaya,  and  D.  TirreU 

(Materials  Research  Society,  Pittsburgh,  PA,  1992)  pp.  9-18. 

10.  M.  Sarikaya  and  I.  A.  Aksay,  "Imaging  of  Hierarchically  Structured  Materials,  in 
Proc  of  Hierarchically  Structure  Materials.  Symposium-Z,  edited  by  I.  A.  Aksay,  E. 
Baer,  M.  Sarikaya,  and  D.  Tirrell  (Materials  Research  Society,  Pittsburgh.  PA,  1992) 

pp.  293-308. 

11.  M.  Sarikaya,  "Biomimetic  Materials;  An  Introduction,"  50th  Annual  Meeting  of 
Electron  Microscopy  Society  of  America,  edited  by  G.  W.  Bailey,  J.  Bentley,  and  J.  A. 
Small  (San  Francisco  Press,  San  Francisco,  CA,  1992)  pp.  1020-1021. 

12.  J.  Liu,  K.  E.  Gunnison,  M.  Sarikaya,  "A  TEM  Study  of  Interface  between  Organic 
Matrbc  and  Aragonite  in  a  Biological  Hard  Tissue,  Nacre,"  50th  Annual  Meeting  of 
Electron  Microscopy  Society  of  America,  edited  by  G.  W.  Bailey,  J.  Bentley,  and  J. 

A.  Small  (San  Francisco  Press,  San  Francisco,  CA,  1992)  pp.  1024-1025. 

13.  M.  Sarikaya,  "Tailoring  Microstructures  of  Materials  via  Biomimetics,  Proc. 

51st  Ann.  Meeting  of  Microscopy  Society  of  America,  edited  by  G.  W.  Bailey  and  C. 

L.  Reider  (San  Francisco  Press,  San  Francisco,  CA,  1993)  pp.  500-501. 

14.  M.  Sarikaya  and  I.  A.  Aksay,  "An  Introduction  to  Biomimetics:  A  Structural 
Viewpoint,"  in  Microstructure  of  Materials,  edited  by  K.  M.  Krishnan  (San  Francisco 

Press,  San  Francisco,  CA,  1993)  pp.  141-148. 

15.  M.  Sarikaya,  "An  Introduction  to  Biomimetics:  Structural  Viewpoint,  Microsc.  Res. 

Tech.,  27  [5]  361-375  (1994). 

16.  R.  Humbert,  M.  Sarikaya,  I.  A.  Aksay,  and  C.  E.  Furlong,  "Characterization  of  Organic 
Nucleator  and  Framework  Macromolecules  in  MoUusk  Shells, "  in  Proceedings  of 
Materials  Research  Society  Symposium,  Vol.  330,  entitled:  Biomolecular  Materials  by 
Design,  edited  by:  H.  Bayley,  D.  Kaplan,  M.  Navia,  and  M.  Alper  (Materials  Research 

Society,  Pittsburgh,  PA,  1993). 


55 


17.  M.  Sarikaya,  "Biological  Composites;  Ultimate  Self-Assembled  Materials," 
Proceedings  of  Xlllth  International  Congress  of  Electron  Microscopy,  ICEM  13, 

Paris,  Vol.  3B:  Applications  in  Biological  Sciences  (Les  Editions  de  Physique, 

Paris,  France,  1994)  pp.  889-890. 

18.  M.  Sarikaya,  "Organic-Inorganic  Interfaces  In  Layered  Biological  Composites," 
Proceedings  of  52nd  Microscopy  Society  of  America,  J.  Bailey  (ed.)  (San  Francisco 
Press,  San  Francisco,  CA,  1994)  pp.  . 

19.  M.  Sarikaya,  J.  T.  Staley,  and  C.  E.  Furlong,  "Nanodesigning  and  Properties  of 
Biological  Composites,"  Proc.  American  Society  of  Mechanical  Engineers, 

Chicago,  IL,  November  6-8, 1994  (to  be  published). 

20.  M.  Sarikaya,  "Nanodesign  and  Properties  of  a  Biocomposite  for  Biomimetics,"  Proc. 
ofSegundo  Congreso  Mexicano  de  Microscopi  Electronica,  edited  by  F.  Gasga  (1994) 
pp.  SP2. 

21.  M.  Sarikaya,  J.  Liu,  and  I.  A.  Aksay,  "Nacre  of  Abalone:  Its  Mechanical  Properties, 
Morphology,  Crystallography,  and  Formation,"  in:  Biomimetics:  Design  and 
Processing  of  Materials,  Edited  by  M.  Sarikaya  and  I.  A.  Aksay  (American 
Institutes  of  Physics,  New  York,  1994). 

22.  R.  Humbert,  M.  Sarikaya,  and  C,  E.  Furlong,  "Layered  Aragonitic  Particles 
from  Mollusk  Shell  Extracts,"  Submitted  to  Nature  (July  1994). 

23.  M.  Sarikaya  and  J.  Liu,  "Mechanism  of  Formation  of  Nacre  in  Mullusks,"  to  be 
submitted  to  Nature  (Autumn,  1994). 

24.  M.  Sarikaya  and  D.  Freeh,  "Comparison  of  Crystallography  of  Biogenic  and 
Geological  Aragonite,"  to  be  submitted  to  Acta.  Cryst.  (Autumn,  1994). 

25.  S.  F.  Hashemifar,  J.  T.  Staley,  and  M.  Sarikaya,  "The  Degree  of  Environmental 
Damage  in  the  Use  of  Synthetic  and  Biological  Polymers  in  Ceramic  Processing,"  to 
be  submitted  to  Biomimetics  (Fall  1994). 

26.  M.  Sarikaya,  "Biomimetic  Ceramics,"  in:  Bioceramics,  edited  by  James  Shackelford 
(Trans.  Tech.  Publ,  Ltd.,  Lousanne,  Switzerland,  1995). 
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Thesis: 

Completed: 

1 .  K.  E.  Gunnison,  "Structure-Mechanical  property  Relationships  in  a  Biological  Ceramic- 
Polymer  Composite;  Nacre,"  M.S.  thesis  (June  1991,  University  of  Washington,  1991). 

2.  G.  L.  Graff,  "Biopolymers  as  Aids  in  Ceramic  Processing,"  M.S.  Thesis  (June  1991 , 
University  of  Washington,  1991). 

3.  Sima  F.  Hashemifar,  "The  Use  of  Polymers  in  Ceramic  Processing:  A  Comparison  of 
Synthetic  and  Biopolymers  for  Saftey  Concerns,"  M.S.  Thesis  (June  1994). 

4.  Tao  Ren,  "Magnetosome  Structure  in  Magnetite  Formation  in  Magnetotactice  Bacteria" 
M.S.  Thesis  (September,  1994). 

Continuing; 

1 .  Daniel  Freeh,  "Crystallography  and  Formation  of  Biogenic  and  Geological  Calcite  and 
Biomineralization,"  Ph.D.  Thesis  (started  Fall  1992). 

2.  Benjamin  Shapiro,  "Mechnical  Properties  of  Mollusk  Shells:  Model  for  Biomimetics  of 
Impact  Resistant  Materials,"  M.S.  Thesis  (Started  Fall  1994). 

3.  Sima  F.  Hashemifar,  "In-Situ  Processing  of  Ceramics  inthe  Presence  of  Bacteria: 
Environmentally-benign  Processing  of  Materials"  Ph.D.  (started  Fall  1994). 
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3.2  Presentations:  Invited  Talks,  Conferences,  Workshops 

а.  Invited  Talks: 

1 .  M.  Sarikaya  and  Ilhan  A.  Aksay,  "Electron-Optical  Characterization  of  Hierarchically 
Structured  Materials,"  Materials  Research  Society  Fall  Meeting,  Boston,  MA,  Dec.  2-6, 
1991 

2.  M.  Sarikaya,  J.  Liu,  and  I.  A.  Aksay,  "Hierarchical  Structures  of  Seashells  and 
Exoskeletons  for  Biomimetics,"  Mater.  Res.  Soc.  Fall  Meeting,  Boston,  Dec.  2-6, 1991. 

3.  Ilhan  A.  Aksay  and  M.  Sarikaya,  "Processing  of  Synthetic  Hierarchically  Structured 
Ceramic-Based  Materials,"  Mater.  Res.  Soc.  Fall  Meeting,  Boston,  MA,  Dec.  2-6,  1991. 

4.  James  T.  Staley,  M.  Sarikaya,  and  I.  A.  Aksay,  "Biomimicking  with  Organisms," 
Materials  Research  Society  Fall  Meeting,  Boston,  MA,  Dec.  2-6, 1991. 

5.  M.  Sarikaya,  J.  Liu,  and  I.  A.  Aksay,  "Crystallography  of  the  Hard  Tissue  in  Nacre  of 
Abalone,"  4th  Inti.  Conf.  on  Miner.  Tissues,  Coronado  Peninsula,  CA,  Feb.  5-10, 1992. 

б.  M.  Sarikaya,  J.  Liu,  and  I.  A.  Aksay,  "Characterization  of  Hierarchically  Structured 
Natural  Ceramic-Polymer  Composites,"  15th  Asilomar  Conference  on  Polymeric 
Materials,  Org.  by  Eric  Baer  and  Anne  Hiltner,  Pacific  Grove,  CA,  Feb.  9-12, 1992. 

7.  I.  A.  Aksay  and  M.  Sarikaya,  "Procesing  of  Nanocomposites  by  Biomimicking,"  The 
Minerals,  Metals,  and  Materials  Society  and  American  Society  of  Materials, 
International,  TMS/ASM  Annual  Meeting,  San  Diego,  CA,  March  1-5, 1992. 

8.  M.  Sarikaya,  "Introduction  to  Biomimicking  and  Structures  of  Biological  Hard  Tissues 
with  Reference  to  Mollusca,"  March  Meeting  of  American  Physical  Society, 

Indianapolis,  IN,  March  16-20, 1992. 

9.  M.  Sarikaya,  "Hierarchically  Structured  Natural  Ceramic-Polymer  Composites," 
Invitational  Lecture  Series,  Allied-Signal,  Inc.,  Morristown,  NJ,  June  25, 1992. 

10.  I.  A.  Aksay,  "Bioinspired  Processing  of  Ceramics  and  Composite  Materials,"  Ceramics: 
Today  and  Tomorrow,  Japan's  100th  Anniversary  Inti.  Conf.,  Yokohama,  Japan,  Oct.  16- 
18, 1991. 

11.  LA.  Aksay,  "Dispersion  of  Ceramic  Nanosized  Particles  in  Biological  Systems," 

Plenary  Lect.,  Engineering  Foundation  Conference,  Palm  Coast,  FL,  March  15-20.  1992. 

12.  I.  A.  Aksay,  "Processing  of  Ceramics  by  Biomimicking,"  March  Meeting  of  American 
Physical  Society,  Indianapolis,  IN,  March  16-20, 1992. 

13.  LA.  Aksay,  "Trends  in  Processing  of  Ceramic-Polymer  Composites  with  Colloids,"  3M 
Technical  Forum,  St.  Paul,  MN,  April  17, 1992. 
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14.  M.  Sarikaya,  "Biomimetics:  Design  and  Processing  of  Materials,"  Pfizer  International, 
Morristown,  NJ,  September  2,  1992. 

15.  M.  Sarikaya,  "Nanodesign  of  Materials  by  Biomimetics,"  1st  International  Conference 
on  Nanocomposite  Materials,  Cancun,  Mexico,  September  22-25,  1992. 

16.  M.  Sarikaya,  "Nanodesigning  of  Materials  by  Biomimetics,"  1st  International 
Conference  on  Nanocomposite  Materials,  Cancun,  Mexico,  September,  22-25,  1992. 

17.  M.  Sarikaya,  "Materials  Design  by  Biomimetics:  Critical  Issues,"  Tutorial  Presentation, 
March  Meeting  of  American  Physical  Society,  Seattle,  WA,  March  15-19,  1993. 

18.  M.  Sarikaya,  "Biomimetics:  An  Introduction,"  National  Technological  University 
Broadcast,  March  19, 1993  (Seattle,  WA). 

19.  M.  Sarikaya,  "Biomimetics,"  Syracuse  Univ.,  Syracuse,  NY,  April  5,  1993. 

20.  M.  Sarikaya,  "Biomimetic  Design  of  Materials,"  National  Institutes  of  Standard  and 
Technology,  Bathesda,  MD,  April  23, 1993. 

21.  M.  Sarikaya,  "Biomimetics,"  IBM,  T.  J.  Watson  Research  Center,  Yorktown  Heights, 
NY,  May  10,  1993. 

22.  M.  Sarikaya,  "An  Introduction  to  Biomimetics,"  A  Tutorial  Lecture  at  51th  Annual 
Meeting  of  Microscopy  Society  of  America,  Cincinnati,  OH,  August  2,  1993. 

23.  M.  Sarikaya,  "Design  and  Processing  of  Materials  by  Biomimetics,"  AFOSR  Workshop 
on  Biomimetic  Materials,  Wright  Laboratories,  Wright-Patterson  Air  Force  Base, 
Dayton,  OH,  August  12, 1993. 

24.  M.  Sarikaya,  "Biomimetics:  Critical  Issues,"  AT&T  Bell  Labs,  Holmdel,  NJ,  9/13/1993. 

25.  M.  Sarikaya,  "Growth  And  Shape  Formation  of  Mollusc  Shells:  Hierarchical 
Morphogenesis,"  in  Symposium  S  entitled  Biomimetics,  Materials  Research  Society 
Fall  Meeting,  Boston,  MA,  November  27  -  Decemeber  3, 1993. 

26.  M.  Sarikaya,  Tutorial  Lecture  entitled:  "Lessons  from  Biology:  Structure-Property 
Relations  in  Hierarchically  Structured  Hard  Biocomposites,"  Tutorial  Lectures  on 
Biomimetics,  Materials  Research  Society  Fall  Meeting,  Boston,  MA,  November  27  - 
Decemeber  3, 1993. 

27.  M.  Sarikaya,  Biomimetics;  Current  Issues  and  Future  Prospects,  Department  of 
Materials  Science  and  Engineering,  University  of  Washington,  Seattle,  WA,  January 
10,  1994. 

28.  M.  Sarikaya,  Faculty  of  Science,  Bilkent  University,  "Biomimetics:  Rsearch  Interests 
and  Challenges,"  January  26,  1994. 

29.  M.  Sarikaya,  "Organic-Inorganic  Interfaces  in  Layered  Biological  Composites,"  16th 
Annual  Asilomar  Workshop  on  Advanced  Polymers,  Pacific  Growe,  CA,  February  9- 
12, 1994. 

30.  M.  Sarikaya,  "Nanodesigning  in  Biological  Composites,"  Spring  Meeting  of  Materials 
Research  Society,  San  Francisco,  April  4-9, 1994. 
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31.  M.  Sarikaya,  "Inorganic -Organic  Interfaces  in  Biological  Composites,"  in  Workshop 
entitled:  Nanofabriaction  and  Biosystems:  Frontiers  and  Challenges,  Kona,  Hawaii, 

May  8-12,  1994. 

31.  M.  Sarikaya,  "Biomimetics,"  Gordon  Conference  entitled:  Model  Membranes:  From 
Biophysics  to  Materials  Science,  Ventura,  CA,  Feb.  27  -  March  4,  1994. 

32.  M.  Sarikaya,  "Organic-Inorganic  Interfaces  in  Biocomposites,"  52nd  Annual  Meeting 
of  Microscopy  Society  of  America,  New  Orleans,  LA,  August  5-9,  1994. 

33.  M.  Sarikaya,  Planary  Lecture  entitled:  "Nanodesign  and  Properties  of  a  Biocomposite 
for  Biomimetics,"  2nd  Mexican  Society  of  Electron  Microscopy,  Cancun,  Mexico, 
September  26-28, 1994. 

34.  M.  Sarikaya, "  Structures  and  Properties  of  Biological  Composites,  ASME,  Chicago, 

November  6-8, 1994.  •  o 

35.  M.  Sarikaya,  "Biomineralization:  From  Biology  to  Technology,"  in  Symposium  S, 
entitled  "Biomimetics  and  Biomolecularly  Prepared  Materials,"  Materials  Research 
Society  Fall  Meeting,  November  27  -  December  2, 1994. 

36.  M.  Sarikaya,  "Biomimetics:  Hard  Tissues,"  Tutorial  Lecture,  Fall  Meeting  of  Materials 

Research  Society,  Boston,  MA,  Nov.  27, 1994. 
b.  Conference  Presentations  (contributed  talks) 

A  partial  list  of  conference  presentations  is  as  follows: 

1 .  J.  Liu,  M.  Sarikaya,  and  I.  A.  Aksay,  "Hierarchical  Twin  Structure  in  the  Nacre  of  Red 
Abalone  Shell,"  49th  Mtg.  of  Electron  Microscopy  Society  of  America,  San  Jose,  CA, 
Aug.  4-9, 1991. 

2.  K.  E.  Gunnison,  M.  Sarikaya,  and  I.  A.  Aksay,  "Stmcture-Mechanical  Property 
Relationships  in  a  Biological  Ceramic-Polymer  Composite,"  Materials  Research  Society 
Fall  Meeting,  Boston,  MA,  Dec.  2-6, 1991. 

3.  B.  Flinn,  M.  Sarikaya,  and  1.  A.  Aksay,  "DeformaUon  Mechanisms  in  Biolaminates," 
94th  Annual  Meeting  of  American  Ceramic  Society,  Minneapolis,  MN,  April  12-16, 

1992. 

4.  T.  Ren,  J.  T.  Staley,  N.  B.  Pellerin,  and  I.  A.  Aksay,  "Bacterial  Polyglutamic  Acid  as  an 
Aid  in  Ceramic  Processing,"  92nd  Ann.  Meeting  of  American  Society  of  Microbiology, 
May  1992. 

5 .  M.  Sarikaya  and  I.  A.  Aksay,  "Shape  Formation  in  Biological  Systems,"  MRS  Fall 

Meeting,  Nov.  28  -  Dec.  4, 1992,  Boston,  MA. 

6.  M.  Sarikaya  and  I.  A.  Aksay,  "Shape  Formation  in  Biological  Systems,"  MRS  Fall 
Meeting,  Nov.  28  -  Dec.  4,  1992,  Boston,  MA. 
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7.  M.  Sarikaya,  "Biological  Composites;  Ultimate  Self-Assembled  Materials,"  Xlllth 
International  Congress  of  Electron  Microscopy,  ICEM'94,  Paris,  July  17-22, 

France. 

8.  M.  Sarikaya,  "Organic-Inorganic  Interfaces  in  Biological  Composites," 

Proceedings  of  52nd  Microscopy  Society  of  America,  New  Orleans,  Aug.  5-9, 

1994. 

9.  Daniel  Freeh  and  M.  Sarikaya,"Formation,  Crystallography,  and  Morphology  of 
Biogenic  and  Geological  Aragonite"  Symposium  S,  entitled:  Biomimetics  ??, 
Materials  Research  Society  Fall  Meeting,  Boston,  MA,  November  27  -  December  2, 

1994.  ^  .... 

10.  R.  Humbert,  G.  Lancaster,  C.  Furlong,  and  M.  Sarikaya*  Bioduplicated  Pearls: 
Layered  Aragonitic  Particles  Using  Orgamc  Shell  Extracts  Symposium  S,  entitled. 
Biomimetics  ?,  Materials  Research  Society  Fall  Meeting,  Boston,  MA,  November  27 
-  December  2,  1994. 

1 1 .  Sima  F.  Hashemifar,  M.  Sarikaya,  and  J.  T.  Staley, "Environmental  Aspects  of 
Using  Synthetic-  and  Bio-Polymers  in  Ceramic  Processing,"  Symposium  S,  entitled: 
Biomimetics  ??,  Materials  Research  Society  Fall  Meeting,  Boston,  MA,  November 
27  -  December  2, 1994. 
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c.  Organization  of  Symposia  and  Workshops 

1 .  Design  and  Processing  of  Materials  by  Biomimetics,  M.  Sarikaya  and  I.  A.  Aksay, 
Workshop,  held  in  Seattle,  WA,  April  1-3, 1991  (held  during  the  continuation  of  the  first 
3-year  portion  of  the  current  project;  12  papers  by  the  invited  speakers  are  being  edited 
for  publication  as  a  book  by  American  Institute  of  Physics  (300  pages). 

2.  Resolution  in  the  Microscope,  Special  Inti.  Symposium,  organized  by  M.  Sarikaya,  held 
during  the  49th  Annual  Meeting  of  Electron  Microscopy  Society  of  America,  San  Jose, 
CA,  Aug.  1-6, 1991,  and  the  proceedings  were  published  as  a  special  issue  of 
Ultramicroscopy,  Vol.  47  [1-3]  (1992)  (24  papers;  300  pages) 

3.  Hierarchically  Structured  Materials,  Symposium  Z,  organized  by  Dhan  A.  Aksay,  E. 
Baer,  M.  Sarikaya,  and  D.  Tirrell,  Fall  Meeting  of  the  Materials  Research  Society, 
Boston,  MA,  Dec.  1-6, 1991  (Papers  in  this  symposium  were  published  as  MRS 
Proceedings,  Vol.  255,  1992)  (45  papers,  447  pages) 

4.  Fundatnental  Materials  Problems  and  Challenges  in  BwmimettcSf  S-5,  Organized  by 
M.  Sarikaya  and  e.  A.  Stem,  Symposium  of  the  Division  of  Condensed  Physics,  March 
Meeting  of  the  American  Physical  Society,  Indianapolis,  IN,  March  16-20, 1992. 

5.  Microscopy  of  Self  Assembled  Materials  and  Biomimetics,  49th  Annual  Meeting  of 
Electron  Microscopy  Society  of  America,  August  16-20, 1992,  Boston,  Mass. 
(Proceedings  will  be  published  as  a  special  issue  of  Journal  of  Microscopy  Techniques 
and  Research,  1993). 

6.  Determinationof  Nanoscale  Physical  Properties  of  Materials  by  Microscopy  and 
Spectroscopy,  Proc.  of  MRS  Symposium,  edited  by  M.  sarikaya,  K.  Wickramasinghe, 
and  M.  Isaacson,  Vol.  332  (Materials  Research  Society,  Pittsburgh,  PA,  1994)  (80 
papers  and  700  pages). 

7.  Biomineralization:  From  Biology  to  Technology,  Symposium  S,  Materials  Research 
Society  Fall  Meeting,  1995,  Boston  (planned). 
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4.3  Patents 

Patent  Application:  "Process  for  Suspension  of  Ceramic  or  Metal  Particles  Using 
Biologically  Produced  Polymers,"  U.  S.  Patent  Appl.,  Serial  No.  071699.970. 


4.4  News  Clippings 

(Some  examples  from  popular  science  magazines  and  from  the  science  sections  of 
newspapers  and  newsmagazines) 


2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 


"Mollusk  Teaches  Ceramics  to  Scientists,"  by  Ivan  Amato,  Science  News,  Materials 
Science  Section,  December  9  (1989)  p.  383. 

Chemical  Processing  of  Ceramics,  by  D.  Ulrich,  C&EN,  January  1  (1990)  pp.  28-40. 
Nanostructured  Materials,  by  Robert  Cahn,  in  News  and  Views  Section,  Nature,  348 

389-390(1990).  ,  „ 

"Biomimetics:  Creating  Materials  From  Nature’s  Blueprints,"  by  Robin  Eisner,  The 

Scientist,  July  8, 1991.  ao  ec 

"The  New  Alchemy,"  Cover  Story,  Business  Weekly, ,  July  29  (1991)  pp.  48-55. 

"Heeding  the  Call  of  the  Wild,"  by  Ivan  Amato,  Science,  August  30  (1991). 
"Natureworks:  Making  Minerals  the  Biological  Way,"  by  Elizabeth  Pennisi,  Science 
News,  Feature  Article,  141,  May  16  (1992)  pp.  328-332  (Cover  Story). 

"Biomimetics,"  Cable  News  Network,  National  Broadcast  in  Science  and  Technology 

Program  on  December  15, 16, 19,  and  20, 1992. 

"Nature  at  the  Patent  Office,"  by  Sharon  Begley  and  Carolyn  Friday,  in  Technology 
Section  of  Newsweek,  December  14, 1992. 

"Science  Takes  a  Lesson  from  Nature,  Imitating  Abalone  and  Spider  Silk,  by  Warren 
Leary,  The  New  York  Times,  Science  Section,  Aug.  3 1 , 1993 
"The  Mother  of  All  Pearls,"  by  D.  Clery,  in  the  Technology  Section  of  New  Scientist, 

28  March  1992.  ...  o  ■  • 

"Su  licenza  di  Dio,"  In  Section:  Technolgogia/I  nuovi  materiali.  Science  SecUon  in 

PANORAMA,  21  March(1993)  pp.  153-154. 

"Doing  What  Comes  Naturally,"  by  L.  G.  Blanchard,  Columns,  Sept.  (1993)  20-23. 
"Nature's  Building  Blocks,"  by  T.  Campbell,  POPULAR  SCIENCE,  Oct.  (1993)  74-77. 
"Nature's  Materials:  Unlocking  the  Secrets  of  Charrlotte's  Web,"  by  L.  G.  Blanchard, 
IEEE  Potentials,  (quarterly  magazine)  February  1994  (The  Institute  of  Electricalk  and 
Electronics  Engineers,  Inc.)  pp.  34-37. 

"Biomimetics,"  in  Private  Eye:  Looking/Thinking  by  Analogy,  by  Kerry  Ruef  (Seattle, 
1993)  (This  is  a  book  written  for  the  elementary  school  students  as  a  guide  to 
developing  the  interdisciplinary  mind,  hands-on  thinking  skills,  creativity,  and  scientific 
literacy.  It  has  been  adapted  by  many  schools  around  Seattle). 

17.  Curiosities:  A  Book  of  Scientific  Trivia,  by  Sharon  McGrayne  (John  Wiley,  New 

York,  1994). 

18.  Sky  Magazine,  Delta  Airlines,  April  1994. 


10. 

11. 

12. 

13. 

14. 

15. 


16. 
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4.  Personnel 

Principal  Investigators: 

Mehmet  Sarikaya  (UW) 

James  T.  Staley  (UW)  and 

Dhan  A.  Aksay  (UW,  now  at  PU;  no  contribution  after  September  1993) 

Research  Scientists: 

Daniel  M.  Dabbs  (Materials  Science  and  Engineering)  (UW,  now  at  PU) 

(no  contribution  after  1993) 

Jun  Liu  (Materials  science  and  Engineering)  (UW,  now  at  Battelle  Pacific 

Northwest  Laboratories,  Richland,  WA;  no  contribution  after  December  1992) 
Nancy  B.  Pellerin  (Microbiology)  (UW;  left  in  June  1994) 

Brian  Flinn  (Materials  science  and  Engineering)  (UW,  left  in  January  1993) 
Maoxu  Qian  (Materials  Science  and  Engineering)  (UW;  continuing) 

Graduate  Students: 

Tao  Ren  (Microbiology)  (UW;  Graduated  in  September  1994) 

Hsien-Liang  Kerr  (Materials  Science  and  Engineering) 

(UW  and  PU;  no  longer  inthe  program)) 

Katie  Gunnison  (Materials  science  and  Engineering)  (UW)  (Graduated  1991) 
Gordon  L.  Graff  (Materials  Science  and  Eng.)  (UW)  (Graduated  1991) 

Daniel  Freeh  (Materials  Science  and  Engineering)  (UW,  continuing) 
Benjamin  Shapiro  (Materials  Science  and  Engineering,  UW,  continuing) 

Sima  F.  Hasemifar  (Materials  Science  and  Engineering,  UW;  completed  MS  June 
1994;  started  Ph.D.  in  Fall  1994). 


Undergraduate  Students: 
Jeffrey  Frawley 
Myeung  Lee 
Bill  Wang 
Susan  Sawyer 
Sean  Mallony 
Gretchen  Wahl 
Demetriah  Webster 
Mary  Katchur 
Colleen  Lasley 


(graduated)  (Materials  Science  and  Eng.)  (UW) 
(graduated)  (Materials  Science  and  Eng.)  (UW) 
(graduated)  (Chemical  Eng.)  (UW) 

(graduated)  (Microbiology)  (UW) 

(graduated)  (Microbiology)  (UW) 

(graduated)  (Chemical  Engineering)  (UW) 
(continuing)  (Materials  Science  and  Engineering) 
(continuing)  (Materials  Science  and  Engineering) 
(continuing)  (Chemical  Engineering) 


APPENDICES-A 


Publications 


Hierarchically  Structured  Materials 


edited  by 

Ilhan  A.  Aksay,  E.  Baer,  M.  Sarikaya,  and  D.  A.  Tirrell 

Vol.  255,  1-450 

(Materials  Research  Society,  Pittsburgh,  PA,  1992). 
(only  the  list  of  contents  is  included) 


MATERIALS  RESEARCH  SOCIETY  SYMPOSIUM  PROCEEDINGS 


VOLUME  255 


Hierarchically  Structured  Materials 

Symposium  held  December  2-6,  1991,  Boston,  Massachusetts,  U.S.A. 


EDITORS: 

Ilhan  A.  Aksay 

Princeton  University,  Princeton,  New  Jersey,  U.S.A. 

Formerly  at  University  of  Washington,  Seattle,  Washington,  U.S.A. 


Eric  Baer 

Case  Western  Reserve  University,  Cleveland,  Ohio,  U.S.A. 


Mehmet  Sarikaya 

University  of  Washington,  Seattle,  Washington,  U.S.A. 


David  A.  Tirrell 

University  of  Massachusetts,  Amherst,  Massachusetts,  U.S.A. 


materials  research  society 

Pittsburgh,  Pennsylvania 


"Nacre  of  Abalone  Shell:  A  Natural  Multifunctional 
Nanolaminated  Ceramic-Polymer  Composite  Material," 

M.  Sarikaya  and  1.  A.  Aksay 

Chapter  1 ,  in  Structure,  Cellular 
Synthesis,  and  Assembly  of  Biopolymers 


edited  by  Steven  Case 
(Springer  and  Verlag,  Amsterdam,  1992) 

pp. 1-25. 


Chapter  1 

Nacre  of  Abalone  Shell:  a  Natural  Multifunctional 
Nanolaminated  Ceramic-Polymer  Composite 

Material 

Mehmet  Sarikaya'  and  llhan  A.  Aksay*'^ 

1  Introduction:  Nanocomposite  Materials  and  Biological 

Composites 

When  materials  are  manufactured  with  an  emphasis  on  tailoring  their  proper¬ 
ties  through  microstructural  control,  the  extent  of  this  control  is  generally  at 
a  specific  length  scale.  For  instance,  the  mechanical  properties  of  most  metallic 
materials  are  controlled  through  the  manipulation  of  dislocation  dynamics  at  the 
nanometer  length  scale  (Cottrell  1953),  whereas  the  mechanical  properties  of 
ceramic  materials  are  controlled  through  the  propagation  of  cracks  that  are 
initiated  from  defects  of  micrometer  length  scale  (Evans  and  Marshall  1989). 

In  contrast,  the  approach  used  by  organisms  in  processing  materials  is  in  many 
ways  more  controlled  than  synthetic  methods  because  biological  materials  are 
dynamic  systems  (Lowenstam  and  Weiner  1989;  Mann  et  al.  1989;  Simkiss  and 
Wilbur  1989).  In  the  formation  of  biological  materials,  organisms  efficiently  design 
and  produce  complex  and  hierarchical  microstructures  with  unique  properties  at 
spatial  dimensions  from  the  molecular  to  the  centimeter,  and  with  greater  struc¬ 
tural  control.  The  dynamism  of  these  systems  allows  the  collection  and  transport  of 
the  raw  constituents;  the  nucleation,  configuration,  and  growth  of  new  structures 
(self-assembly)  (see,  for  instance,  Wasserman  et  al.  1989);  and  the  repair  and 
replacement  of  old  or  damaged  components.  These  materials  include  all  organic 
components,  such  as  spiders’  webs  (Gosline  et  al.  1986)  and  insect  cuticles 
(Bouligand  1965);  inorganic-organic  composites,  such  as  seashells  (Currey  1987) 
and  bones  (Glimcher  1981);  all  ceramic  composites,  such  as  sea  urchin  teeth  and 
spines  (Berman  et  al.  1990);  and  inorganic,  ultrafine  particles,  such  as  magnetic 
(Blakemore  1975;  Frankel  et  al.  1979;  Blakemore  1982;  Frankel  and  Blakemore 
1991)  and  semiconducting  (see,  for  instance,  in  biological  systems,  Dameron  et  al. 
1989;  and  in  synthetic  systems,  Fendler  1987)  particles  produced  by  bacteria  and 
algae,  respectively.  In  addition,  in  certain  cases,  byproducts,  such  as  enzymes  (Alper 
1991),  proteins  (see,  for  instance,  Haggin  1988),  and  other  macromolecules  (Crueger 

'  Department  of  Materials  Science  and  Engineering.  Roberts  Hall,  FB-10,  University  of  Washington, 
Seattle  WA  98195,  USA  and  Advanced  Materials  Technology  Center,  Washington  Technology  Center, 
University  of  Washington,  Seattle,  WA  98195,  USA 

^  Current  address:  Department  of  Chemical  Engineering,  Princeton  University,  Princeton,  NJ  08544- 
0563  USA 
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Biopolymers 

Case,  S.T.  |Ed  I 

r  Springcr-Verlag  Berlin  Heidelberg  1992 
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Biologically  produced  composites  possess  hierarchical  architectures  with  synergistic 
variations  from  atomic  to  macroscopic  dimensions.  Consequently,  these  biocomposites  display 
unique  properties  that  are  affected  by  processes  operating  at  all  levels  of  the  length  scale.  As  a 
source  of  inspiration  for  new  design  concepts,  we  examine  the  structure  of  nacre  (abalone  shell) 
and  show  that  a  similar  architectural  design  for  laminated  ceramic/metal  and  ceramic/polymer 
composites,  produced  by  totally  artificial  methods  (biomimetics),  results  in  improvements  in  the 
mechanical  properties  of  the  laminates  compared  to  the  same  phase-composition  materials  of 
isotropic  morphology.  We  also  examine  the  formation  of  nanometer-sized  particles  in  a 
microorganism  (Aquaspirillum  magnetotacticum)  and  illustrate  process  mechanisms  somewhat 
similar  to  those  used  by  this  microorganism  (bioduplication)  that  can  be  utilized  to  synthesize 
multiphase  and  nanosized  particles  in  phospholipid  vesicles. 

I.  Introduction 

When  materials  are  manufactured  with  an  emphasis  on  tailoring  their  properties  through 
microstructural  control,  the  extent  of  this  control  is  generally  at  a  specific  length  scale.  For 
instance,  the  mechanical  properties  of  most  metallic  materials  are  controlled  through  the 
manipulation  of  dislocation  dynamics  at  the  nanometer  length  scale,  whereas  the  mechanical 
properties  of  ceramic  materials  are  controlled  through  the  propagation  of  cracks  that  are 
initiated  from  defects  of  micrometer  length  scales. 

In  contrast,  many  biologically  produced  materials  are  very  complex  in  structural  design  at 
a  spectrum  of  length  scales  varying  from  atomic  to  macroscopic  dimensions  and  possess  unique 
hierarchical  architectures  [1-6].  Cellulose-based  aggregates  in  wood  [7],  collagen-based 
aggregates  in  skin,  cartilage,  and  bone  [l-3,5,6,8],  and  chitin-based  aggregates  in  seashells 
[1,4,6,9-13]  are  excellent  examples  of  nature's  way  of  designing  composites  for  multifunctional 
applications  by  efficient  and  ecologically  balanced  methodologies.  These  hierarchically 
structured  materials  display  unique  properties  that  are  affected  by  processes  operating  at  all 
levels  of  the  length  scale  spectrum  [1-13]. 

It  is  interesting  to  note  that  when  we  attempt  to  engineer  composites  with  functions 
similar  to  those  found  in  biological  materials,  the  architectural  design  of  the  manmade  materials 
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also  starts  to  display  similar  hierarchical  features  and  multifunctionality.  For  instance,  the 
architecture  of  fiber-reinforced  automobile  tires,  which  are  designed  to  perform  a  multitude  of 
functions,  is  very  similar  to  the  hierarchical  design  observed  in  intestinal  tissue  or  elephant 
trunk.  However,  it  is  quite  unlikely  that  the  engineers  who  came  up  with  these  innovative 
designs  had  any  knowledge  of  their  similarity  to  biological  analogs. 

Our  contention  is  that  if  we  were  to  utilize  biological  systems  as  a  source  of  inspiration 
for  new  design  and  processing  concepts,  then  more  manmade  materials  might  display  these 
unique  architectural  features  and  thus  multifunctional  performance  characteristics  [14].  We 
envision  two  approaches  to  achieve  this  goal  of  bioinspired  processing:  (i)  biominietics  and  (ii) 
bioduplication.  The  biomimetic  approach  aims  at  designing  hierarchical  structures  by  synthesis 
and  processing  methodologies  that  are  largely  artificial  with  respect  to  the  biological  processing 
mechanisms.  However,  these  artificially  engineered  composites  will  exhibit  structural  features 
similar  to  those  found  in  biological  composites.  For  instance  the  example  of  automobile  tire 
mentioned  above  falls  into  this  category.  Conversely,  the  bioduplication  approach  aims  at 
producing  hierarchical  structures  by  mechanisms  very  similar  to  those  observed  in  biological 
synthesis  and  processing  methodologies. 

In  support  of  this  bioinspired  processing  concept,  in  this  paper  we  provide  examples  from 
both  the  biomimetic  and  the  bioduplication  approaches  on  the  synthesis  and  processing  of 
ceramics  and  ceramic-based  composites.  For  the  biomimetic  approach,  we  first  summarize  our 
recent  studies  on  the  structure  and  properties  of  abalone  shell  and  illusdate  that  similar 
structures  and  thus  properties  can  be  modeled  in  laminated  ceramic/metal  (cermet)  and 
ceramic/polymer  (cerpoly)  composites  by  using  totally  artificial  process  methodologies.  With 
respect  to  our  Japanese  hosts  of  this  symposium,  we  acknowledge  them  as  the  originator  of  this 
concept  of  artificially  produced  laminated  ceramic/metal  composites  since  Samurai  sword 
appears  to  be  the  first  manmade  laminated  ceramic/metal  composite  that  displays  striking 
similarities  to  the  structure  of  abalone  shell. 

In  the  category  of  bioduplication,  we  use  the  bacterium  Aquaspirillum  magnetotacticum 
as  an  example  of  a  microorganism  that  produces  nanometer-sized  superparamagnetic  magnetite 
particles.  We  then  illustrate  that  mechanisms  somewhat  similar  to  those  used  by  this 
microorganism  can  be  utilized  to  synthesize  ceramic  particles  of  different  structures  and 
compositions  in  phospholipid  vesicles. 

n.  Design  in  Biologically  Produced  Ceramic/Polymer  Composites 

Most  biologically  produced  composites  are  built  upon  a  fibrous  framework  of  either 
collagen,  chitin,  or  cellulose  and  always  reveal  a  hierarchical  structure  that  originates  at  the 
molecular  level  [1-3,7,8,12,13].  In  all  cases,  the  structures  are  formed  by  groupings  of  discrete 
units  in  the  form  of  fibrils,  which  themselves  are  composed  of  smaller  subfibrils  and 
microfibrils.  These  highly  interacting  fibrous  units  are  organized  to  form  a  variety  of  oriented 
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hierarchical  composite  systems  that  are  designed  to  meet  a  spectrum  of  functional  requirements. 
For  instance,  a  classical  hierarchical  system  that  connects  muscle  and  bone  is  tendon,  which  in 
use  is  subjected  almost  exclusively  to  uniaxial  tensile  stresses  along  its  length.  The  hierarchical 
structure  of  tendon  displays  six  discrete  levels  of  organization  [2,3,8]:  (i)  at  the  molecular  level, 
a  triple  helical  arrangement  of  polypeptide  chains  forms  the  basic  tropocollagen  molecule  at  a 
length  scale  of  1.5  nm;  (ii)  tropocollagen  molecules  aggregate  to  form  microfibrils  at  a  length 
scale  of  3.5  nm;  (iii)  microfibrils  are  packed  into  a  lattice  structure  forming  subfibrils  at  a 
length  scale  of  10-20  nm;  (iv)  the  subfibrils  are  joined  to  form  fibrils  at  a  length  scale  of  50-500 
nm;  (v)  these  fibrils  serve  as  the  basic  building  blocks  to  form  fascicles  at  a  length  scale  of  50- 
500  pm;  and  (vi)  two  or  three  fascicles  together  form  the  structure  referred  to  as  tendon.  This 
multilevel  organization  then  imparts  both  nonlinear  reversible  mechanical  properties  and 
toughness  to  the  tendon.  If  the  tendon  is  subjected  to  excessive  stresses,  individual  elements  at 
different  levels  of  the  hierarchical  structure  fail  independently  [2,3,6].  These  elements  absorb 
energy  and  protect  the  tendon  as  a  whole  from  catastrophic  failure. 

In  collagen,  the  tropocollagen  molecules  are  arranged  with  a  stagger  that  results  in  a  64 
nm  band  structure  and  a  30-40  nm  gap  between  the  molecules  [1,12].  This  gap  is  believed  to  be 
associated  with  the  nucleation  of  the  hydroxyapatite  mineral  as  the  inorganic  phase  leading  to 
the  formation  of  bone  [1,5,12].  Similar  to  the  role  that  collagen  plays  in  the  formation  of  bone, 
a  chitin-based  fibrous  framework  acts  as  the  template  for  the  formation  of  the  orthorhombic 
form  of  calcium  carbonate  (aragonite)  crystals  in  nacre,  or  mother  of  pearl  [4,9-13].  Here,  the 
structure  is  composed  of  layers  of  aragonite  platelets  held  together  by  a  matrix  of  acidic 
proteins  organized  around  the  network  of  chitin  fibrils  (Fig.  1)  [1,4,6,9-13]. 


Figure  1(a)  and  (b).  Conventional  transmission  electron  microscopy  (TEM)  images  of  cross 
section  of  abalone  shell  revealing  the  nacre  structure.  Dark  layers  are  the  ceramic  phase  and  the 
light  color  interfacial  regions  contain  a  fibrous  network  of  organic  tissue  as  highlighted  with 
arrows  [9]. 
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In  Figs.  1  and  2,  the  aragonite  layers  are  shown  to  be  highly  regular,  about  0.25-0.5  |im 
thick  [9-1 1].  These  layers  are  glued  together  by  ultrathin,  10  nm,  tough,  proteinaceous 
composite  nanoscale  layers  that  are  specifically  functionalized  to  bond  to  the  inorganic  layers 
[1,12].  This  rigid,  predominantly  inorganic  (~  95%  by  volume)  hierarchical  composite  is 
toughened  by  the  organic  nanoscale  layer,  as  is  evident  from  the  fact  that  the  fracture  path  is 
both  relatively  wide  and  tortuous  with  inorganic  platelets  held  by  organic  ligaments.  There  is 
also  a  significant  irreversible  deformation  of  the  overall  composite  due  to  the  sliding  of  platelets 
over  the  organic  layers  as  shown  in  Fig.  2(a-b)  [11]. 


Figure  2.  (a)  Sliding  of  aragonite  platelets  during  crack  propagation  in  nacre  and  (b)  ligament 
formation  by  the  organic  matrix  between  the  platelets  [11]. 

The  resultant  layered  composite,  incorporating  hard  inorganic  layers  (aragonite  platelets) 
surrounded  by  a  nanometer-thick  organic  matrix,  is  an  excellent  nanoscale  layered  design  for  a 
perfect  impact  resistant  material,  as  evidenced  from  both  the  toughness  and  strength  increases  in 
nacre  compared  to  single  crystalline  aragonite  (Fig.  3).  In  the  case  of  nacre,  both  the  fracture 
toughness  and  fracture  strength  increase  significantly.  Unusual  toughening  mechanisms,  in 
particular  irreversible  deformation,  may  be  responsible  for  the  inerease  in  toughness  in  what  is 
practically  a  ceramic  material.  Studies  [1 1]  on  crack  propagation  behavior  indicate  that  two 
mechanisms  play  a  key  role  in  enhancing  the  toughness:  (i)  energy  dissipation  during  sliding  of 
the  aragonite  layers,  resulting  in  an  overall  plastie  deformation  of  the  composite  (Fig.  2(a));  and 
(ii)  energy  dissipation  during  stretching  of  the  chitin  filaments  (Fig.  2(b)).  In  both  cases,  the 
presence  of  an  ionic  bond  between  aragonite  and  the  organic  layer  is  believed  to  be  essential  for 
optimization  of  the  properties.  To  date,  however,  there  is  no  clear  explanation  that  can  account 
for  the  strength  increases  in  these  biological  ceramic/polymer  composites.  The  increase  in 
strength  cannot  be  explained  based  solely  on  the  effect  of  the  size  of  the  layers  and  the  rule  of 
mixtures.  The  best  explanation  that  we  can  presently  put  forward  is  that  the  tensile  stress 
applied  to  the  nacre  is  transferred  to  compressive  stresses  during  loading.  As  evident  from  the 
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inward  bulging  of  the  edges  of  the  indentation  [10],  this  stored  energy  during  loading  results  in 
dilation  during  load  release;  the  failure  of  the  composite  appears  to  take  place  during  unloading. 
Although  not  fully  understood,  this  failure  mode  effectively  increases  the  overall  strength  of  the 
composite  many  orders  of  magnitude. 
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Figure  3.  Mechanical  properties  of  the  nacre  of  red  abalone  (Haliotis  rufescens)  compared  to 
ceramics  and  ceramic-based  composites.  In  Stage  /,  the  processing  of  boron  carbide/aluminum 
was  done  by  hot  pressing  of  mixed  powders.  In  Stage  //,  an  infiltration  technique  was  used  to 
process  an  isotropic  and  bicontinuous  composite.  In  Stage  III,  the  lamination  techniques 
described  in  this  paper  were  used. 

III.  Synthesis  and  Processing  of  Hierarchical  Structures 

The  example  of  nacre  as  a  hierarchically  structured  biological  ceramic/polymer  composite 
illustrated  in  Section  II  indicates  the  design  principles  that  synthetic  hierarchical  structures  will 
require  in  order  to  achieve  superior  properties.  Synthetic  examples  given  in  this  section 
illustrate  two  key  points:  (i)  by  mimicking  the  architecture  of  biological  composites  through 
artificial  methods,  it  is  possible  to  improve  upon  the  properties  of  composites  even  though  we 
may  not  quite  understand  how  biological  composites  are  produced;  and  (ii)  by  realizing  that  the 
first  approach  will  ultimately  be  insufficient,  longer  range  research  on  bioduplication  will  aid  in 
advancing  the  progress  in  biomimetics  by  integrating  biological  methodologies  with  synthetic 
ones.  We  also  recognize  that  the  concept  of  biomimetics  is  not  a  totally  new  concept  since 
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many  conventional  composites  are  already  produced  with  hierarchical  structures  that  are  similar 
to  those  found  in  biological  counterparts. 

(A)  Biomimetic  Approach: 

Laminated  Ceramic/Metal  and  Ceramic/Polymer  Composites;  Based  on  the  design 
criteria  derived  from  nacre  ( 1 1],  we  have  been  working  on  the  processing  of  cermet  and  cerpoly 
laminated  composites  through  tape  casting  and  liquid  infiltration  techniques,  specifically  with 
boron  carbide/aluminum  [15,16]  and  boron  carbide/polymer  [17]  composites,  respectively.  In 
both  cases,  significant  increases  in  both  the  fracture  toughness  and  fracture  strength  have  been 
observed  (Fig.  3).  Toughening  mechanisms  similar  to  those  that  operate  in  biological 
composites  also  operate  in  these  synthetic  laminates  (Fig.  4).  However,  the  improvements  in 
the  properties  of  synthetic  laminates  are  still  far  inferior  to  the  properties  of  laminated 
biological  composite  structures.  The  conjecture  is  that  a  major  reason  for  our  failure  to  achieve 
the  values  of  the  biological  composites  is  because  our  current  processing  strategies  do  not 
permit  processing  of  laminates  on  the  micro-  and  nanometer  scales. 


Figure  4.  Fracture  pattern  of  a  laminated  boron  carbide/polypropylene  composite  illustrating 
polymer  bridging  within  and  between  the  ceramic  layers  (~  90  pm)  [17]. 


These  laminated  composites  can  be  formed  by  one  of  three  basic  methods:  (i)  partially 
sintered  ceramic  tapes  are  sandwiched  with  metal  or  polymer  sheets  and  then  heated  to  induce 
infiltration  of  the  metal  or  the  polymer;  (ii)  nonsintered  ceramic  tapes  are  stacked,  partially 
sintered,  and  then  infiltrated  with  metal  or  polymer;  and  (iii)  nonsintered  ceramic  tapes  of 
different  porosity  are  laminated  (stacked  and  pressed),  partially  sintered,  and  then  infiltrated.  In 
all  cases,  the  resulting  structure  is  a  ceramic/metal  or  ceramic/polymer  laminated  composite 
with  metal  or  polymer  at  intra-  and  interlayers  (Fig.  4). 

Mechanical  property  testing  of  laminated  boron  carbide/aluminum  cermets  in  four-point 
bending  showed  increases  in  fracture  strength  and  toughness  over  the  same  aluminum-content 
materials  with  an  isotropic  morphology  (Fig.  3).  When  the  aluminum  content  of  laminated 
samples  was  altered  by  changing  the  ratio  between  the  aluminum-rich  and  boron  carbide-rich 
layers  in  the  microstructure,  a  ratio  of  6  to  1  of  high-boron-carbide-content  tape  to  low-boron- 
carbide  tape  (and  hence  the  aluminum-rich  region  in  the  post-infiltration  microstructure)  with  a 
33.5  vol%  aluminum  content  resulted  in  the  highest  fracture  strength  (945  MPa). 

After  the  proper  ratio  of  high  boron  carbide  content  to  low  boron  carbide  content  (or 
aluminum-rich)  laminae  was  determined  to  be  6  to  1 ,  simultaneous  changes  in  the  size  of  both 
laminae  were  made  while  maintaining  the  ratio.  The  effect  of  changing  the  thickness  of  the 
laminae  on  both  fracture  strength  and  fracture  toughness  was  in  agreement  with  the  Hall-Petch 
relation.  The  coarsening  of  the  microstructure  by  increasing  the  tape  thicknesses  degraded  the 
mechanical  properties,  with  values  approaching  those  for  isotropic  samples.  Finer  6  to  1  ratio 
graded  laminate  structures  have  not  been  processed  at  this  time  due  to  the  difficulty  in  casting 
and  handling  tapes  thinner  than  15  ftm. 

In  the  case  of  boron  carbide/polypropylene  laminates,  the  work  of  fracture  of  the 
laminates  similar  to  the  ones  shown  in  Fig.  4  showed  a  30-  to  40-fold  increase  over  monolithic 
and  porous  preforms.  But  no  strength  increase  was  observed. 

Samurai  Sword:  A  Laminated  Nanocomposite:  The  practice  of  controlling  the 
microstructure  of  materials  at  the  nanoscale  to  achieve  desired  properties  has  a  long  history, 
especially  in  metallurgy  [18].  Understanding  the  microstructures  in  successful  ancient  materials 
is  essential  both  for  developing  "microarchitectural  design"  concepts  for  modern 
multifunctional  composites  as  well  as  generating  new  alloy  microstructures.  For  instance,  it  has 
been  known  for  many  centuries  that  laminated  steels  make  stiff,  strong,  and  tough  swords  by 
alternating  thin  layers  of  a  stiff  metal  alloy  with  thin  layers  of  a  tough  alloy.  These  remarkable 
composite  structures  are  still  being  studied  today  [19,20].  An  excellent  example  of  this  is 
Damascus  steel,  which  was  developed  in  the  Middle  East  during  the  late  iron  age,  more  than 
2000  years  ago.  The  steel  was  used  mostly  for  armor  applications  requiring  high  toughness  as 
well  as  high  strength  and  hardness.  The  metallurgy  that  produced  Damascus  steel  is  based  on  a 
simple  thermomechanical  cycle  which  forms  a  composite  microstructure  containing  soft  and 
hard  phases.  Originally  "cast"  high  carbon  steel  (>1 .0-2.0  wt%  C)  is  homogenized  at  1200°C, 


which  produces  coarse  austenite  (y)  grains.  The  steel  is  then  cooled  slowly  through  the 
yfcarbide  (FejC)  region  during  which  pre-eutectoid  carbides  form  at  prior  austenite  grain 
boundaries.  The  coarse  microstructure  is  "broken  down"  during  forging  at  temperatures  of 
750°-900°C,  and  carbides  spherodize  to  form  strings  of  particles  in  refined  austenite  grains. 
Quenching  into  warm  water  (40°-80°C)  from  about  750°C  transforms  the  fine  austenite  grains 
into  fine  needles  of  brittle  but  strong  martensite,  which  is  a  supersaturated  ferrite.  The  material 
is  then  annealed  at  200°-3(X)°C  to  produce  tempered  fine  carbides  (200-5(X)A)  to  form  what  is 
now  still  strong,  but  relatively  tough,  martensite  needles.  The  resulting  microstructure  is  then 
tough  martensite  containing  ultrafine  precipitates  with  hard  strings  of  carbides  decorating  prior 
austenite  grain  boundaries. 

Many  variations  of  iron-based  microstructures  have  since  been  developed  by  modifying 
the  thermomechanical  treatments  and,  most  notably,  by  "composite  lamination,"  which 
incorporates  both  pure  iron  (soft  and  tough)  and  high  and  medium  carbon  steels  (hard  and 
strong).  An  excellent  example  of  this  is  Samurai  sword,  which  is  truly  "nanolaminated"  and  is 
an  ideal  material  for  its  purpose  because  of  its  unique  combination  of  toughness,  hardness,  and 
rigidity  [21,22].  These  three  properties  in  one  material,  however,  are  contradictory:  that  is, 
toughness  implies  a  soft  material  that  bends  easily;  hardness  is  associated  with  brittle  material; 
and  rigidity  requires  high  strength  at  low  strain.  Apparently,  Japanese  smiths  many  centuries 
ago  developed  these  composites  based  on  techniques  similar  to  the  earlier  techniques  of 
Damascus  steel-making  and  by  knowing  how  thermomechanical  treatments  and  compositional 
adjustments  can  change  the  steel's  properties. 

The  final  body  of  the  Samurai  sword  blade  is  a  hierarchical  structure  consisting  of  a  soft 
inner  core  (ferrite)  with  a  hard  outer  core  (low-carbon  martensite).  The  steel  is  produced  first 
in  the  form  of  a  laminated  iron  and  steel  blank  with  dimensions  1 .5  cm  thick  by  5  cm  wide  and 
15-20  cm  long.  The  blank  is  inserted  into  pine  ash  (carbon  source)  and  heated  white  hot  (about 
600°-800°C)  and  then  doubled  onto  itself  by  hammering  until  it  takes  its  original  width.  This 
process  is  repeated  fifteen  to  twenty  times.  Four  similar  blanks  are  then  welded  together,  and 
the  same  thermomechanical  treatment  is  repeated  five  times.  Eventually,  the  resulting  blank, 
presumably,  forms  a  laminate  with  the  thickness  of  each  lamellae  equal  to  a  few  nanometers 
[21,22].  The  surface  of  the  blade  (the  laminated  blank)  is  then  scraped  and  ground  to  shape. 
The  final  blade  is  covered  with  a  mixture  of  clay  and  fine  sand  and  dried.  The  blade  is  then 
heated  to  about  900°C  and  quenched  in  a  room  temperature  bath  of  oil  or  water  by  inserting  the 
tip  first  and  then  the  sharp  edge  horizontally.  The  final  blade  has  a  curved  shape  with  the  sharp 
edge  having  mostly  a  hard  and  strong  martensitic  structure  and  the  back  edge  consisting  of  the 
relatively  soft  ferritic  microstructure,  providing  ultra-rigidity  to  the  overall  material. 

It  should  be  noted  here  that  the  microstructures  of  lath  martensitic  steels  and  nacre  are 
very  similar.  It  is  the  martensite  lath,  which  has  dimensions  similar  to  the  aragonite  platelets  in 
nacre  (both  about  0-25  ]im  thick),  that  provides  strength.  The  thin  film  retained  austenite  (50- 


-143- 


500  A  thick)  [23]  that  covers  the  martensite  platelets  (laths)  is  similar  to  the  organic  layer 
(~  200A)  covering  the  aragonite  platelets  in  the  nacre.  Furthermore,  in  both  cases,  the 
interfaces  are  very  strong  between  the  hard  and  soft  phases.  In  nacre,  adjacent  aragonite 
platelets  have  their  [(K)l]  axis  perpendicular  to  the  platelet/organic  matrix  interface,  with  plates 
rotating  slightly  (1-5°)  with  respect  to  this  axis.  In  martensite,  similarly,  the  adjacent  laths  have 
a  common  <1 10>  axis,  perpendicular  to  the  a’/y  interface,  with  laths  rotating  slightly  (1-6°) 
with  respect  to  this  axis.  In  both  cases,  the  matrices  (organic  phase  in  the  nacre  and  austenite  in 
lath  martensitic  structures)  have  the  same  orientation  throughout.  However,  the  difference 
between  the  two  structures  is  that  the  lath  martensite  contains  packets  (three  70°  variants  of 
martensite  grains,  with  their  attendant  austenite  grains,  randomly  distributed  throughout  the 
sample)  [23].  In  the  nacre,  the  local  arrangement  of  the  layered  structure  is  repeated  throughout 
the  sample.  Therefore,  lath  martensite  is  a  true  three-dimensional  structure,  with  local 
laminated  domains,  resulting  in  isotropic  mechanical  properties.  Nacre,  on  the  other  hand,  is  a 
true  two-dimensional  microstructure  possessing  unprecedented  high  anisotropic  properties. 

(B)  Bioduplication  Approach: 

Vesicle-Mediated  Multicomponent  Processing:  Intravesicular  precipitation  of 
inorganic,  crystalline  particles  is  a  very  common  method  of  producing  nanosized  particles  in 
biological  systems  [24,25].  For  example,  nanometer- sized  magnetite  particles  are  fabricated  in 
intracellular  vesicles  by  certain  types  of  bacteria  with  precise  control  over  particle  morphology 
and  orientation  (Fig.  5)  [24,25].  Various  investigators  have  already  demonstrated  that  single 
component  particles  can  be  precipitated  within  synthetic  vesicles  as  a  model  system  for  the 
study  of  biomineralization  [26].  Below,  we  illustrate  the  extension  of  these  methods  to  the 
processing  of  multicomponent  particles  [27]. 

Particle  precipitation  within  vesicles  has  several  fundamental  differences  from  bulk 
precipitation  methods  due  to  the  unique  properties  of  the  lipid  bilayer.  In  addition  to  forming  a 
reaction  cell,  which  limits  the  particle  size,  the  bilayer  serves  as  a  semipermeable  membrane  to 
ion  diffusion.  Generally,  phospholipid  vesicles  are  nearly  imp)ermeable  to  cations,  with  typical 
permeability  coefficients  between  10"’^  to  10’’“*  cm/s.  Diffusion  rates  of  anions,  on  the  other 
hand,  are  usually  quite  low  (10  cm/s  for  Cl ).  This  characteristic  imposes  a  kinetic  restraint 
on  precipitation  due  to  the  diffusion  restrictions  across  the  bilayer  and  produces  a  system  in 
which  cations  are  essentially  "trapped"  within  the  phospholipid  cage  until  precipitation  can 
occur.  This  could  potentially  enhance  chemical  homogeneity  within  the  system  and  facilitate 
the  aqueous  precipitation  of  water-soluble  phases  (such  as  Ba(OH)2). 
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Figure  5.  String  of  single  crystalline  magnetite  particles  in  magnetic  bacteria,  Aquaspirillum 
magnetotacticum.  Both  are  TEM  images. 


Figure  6  shows  a  transmission  electron  microscopy  (TEM)  image  of  the  vesicle-formed 
H  particles  using  Y,  Ba,  Cu,  and  Ag  nitrate  precursors.  The  lipid  membrane  was  not  stained  in 

these  experiments  and,  therefore,  is  not  visible.  The  particles  are  roughly  spherical,  crystalline, 
j|  and  well-dispersed.  A  mean  particle  diameter  of  34.8  nm  with  a  standard  deviation  of  13.2  nm 

was  determined  from  TEM  micrographs  of  470  different  particles.  It  is  important  to  compare 
m  particle  sizes  with  the  starting  sizes  of  the  original  vesicles.  Theoretically,  the  particle  sizes 

should  be  smaller  than  the  vesicles  from  which  they  were  formed.  Light-scattering  experiments 

■  showed  the  vesicle  size  in  deionized  water  to  be  approximately  59  nm.  Since  the  presence  of 

ions  in  solution  can  have  pronounced  effects  on  the  morphology  and  phase  transitions  of 
vesicles,  we  also  measured  sizes  in  the  presence  of  the  nitrate  salts.  The  vesicle  size  increased 
ip  to  99  nm  under  the  high  ion  concentrations.  In  both  cases,  the  results  confirm  that  the  particle 

size  is  smaller  than  the  corresponding  vesicle  size. 

I 
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Figure  6.  TEM  micrograph  of  multicomponent  particle  formed  within  vesicle  [27]. 

Although  the  vesicle-mediated  particle  formation  system  exhibits  some  exciting 
advantages  over  more  conventional  methods  of  powder  production,  there  are  also  some  distinct 
problems  with  the  system.  By  far  the  most  serious  is  that  the  ratio  between  elements  in  the 
formed  particles  is  not  consistent  with  the  beginning  solution  ratios.  Most  pronounced  is  the 
barium  to  silver  ratio.  Although  the  starting  solution  contained  eight  times  more  barium  than 
silver,  the  final  particles  were  always  rich  in  silver.  In  order  to  provide  solutions  to  this 
problem,  future  research  has  to  be  directed  toward  understanding  the  association  of  ionic 
species  in  solution  with  the  phospholipid  bilayer  by  approaches  discussed  elsewhere  [28-30]. 

IV.  Conclusions 

We  have  illustrated  that  by  processing  materials  with  architectural  designs  similar  to  those 
of  biological  composites  (biomimetics),  it  is  possible  to  improve  upon  their  properties.  The 
nacre  of  abalone  shell  which  is  a  nanoscale-laminated  composite  of  ~  95  vol%  aragonite  and  a 
chitin-based  organic  tissue  possesses  significantly  higher  values  both  in  strength  and  toughness 
than  its  ceramic  constituent  phase.  The  microscale-laminated  composites  of  boron 
carbide/aluminum  discussed  in  this  paper  similarly  displayed  increases  both  in  strength  and 
toughness.  Microscale-laminated  boron  carbide/polypropylene  composites  showed  only  a 
toughness  increase.  Since  in  both  cases,  the  improvements  are  not  yet  as  impressive  as 
observed  in  the  biological  composites,  we  predict  that  nanoscale  lamination  may  be  necessary 
to  achieve  further  improvements. 
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We  have  also  demonstrated  that  phospholipid  vesicles  can  be  used  as  reaction  vessels  for 
the  synthesis  of  ultrafine,  well-dispersed,  multicomponent  ceramic  particles  by  a  processing 
approach  which  is  similar  to  the  methods  used  in  biological  systems  {bioduplication).  Here,  the 
chemical  inhomogeneity  of  the  system  can  be  restricted  to  the  individual  vesicle  size,  which  is 
approximately  40  nm.  We  also  found  that  precise  control  over  chemical  stoichiometry  in 
multicomponent  systems  may  be  difficult  to  achieve  due  to  differences  in  ion  permeabilities, 
trapping  efficiencies,  and  interactions  between  various  cations  and  the  vesicle  membrane.  This 
bioduplication  approach  to  processing  nanosized  particles  is  truly  multifunctional  since  the 
system  simultaneously  acts  as:  (i)  a  reaction  cell  for  panicle  precipitation,  (ii)  an  ion  selective 
membrane  that  affects  precipitation  kinetics,  and  (iii)  a  barrier  to  prevent  spontaneous 
agglomeration  of  the  ultrafine  particles. 
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The  nacre  structure  of  red  abalone  (Haliotis  rufescens)  shell  has  a  higher  strengthh^  and  fracture 
toughness^  at  room  temperature  compared  to  some  monolithic  ceramics.  The  unusual  mechanical 
properties  may  be  attributed  to  the  unique  microarchitecture  that  can  be  described  as  a  laminated 
composite  of  about  95%  CaCOj  and  5%  organic  matter  (a  combination  of  proteins,  chiten,  ^d  other 
macromolecules).  It  is  desirable  to  form  synthetic  materials  having  a  microarchitecture  similar  to  the 
nacre  through  a  biomimetic  approach  to  obtain  improved  mechanical  properties.  In  order  to  achieve 
this  goal,  it  is  necessary  to  have  a  better  understanding  of  the  microstructure  of  the  nacre  at  different 
length  scales.  The  purpose  of  this  wotk  was  to  examine  the  structure  of  nacre  in  more  detail.  It  has 
been  found  that  the  structure  is  actually  composed  of  twins  which  are  hierarchical  from  the  nanometer 
to  sub-millimeter  scale. 

In  the  edge-on  configuration,  the  nacre  is  composed  of  aragonite  platelets  (thickness  0.25  to  0.5  |im) 
with  their  flat  faces  in  [001]  direction.  The  platelets  are  arranged  in  a  "brick  and  mortar" 
microarchitecture  with  an  organic  matrix  (-20  nm)  forming  the  glue  between  the  platelets  (Fig.  1).  In 
the  face-on  configuration,  the  structure  can  be  described  by  twinning  on  three  different  length  scales: 
first  generation,  incoherent  twinning  between  platelets;  second  generation,  coherent  twinning  between 
domains  within  platelets;  and  the  third  generation,  nanoscale  twins  within  domains.  Both  60°  or  90° 
twin  boundaries  have  been  observed  at  different  length  scales.  Figure  2  illustrates  the  six-fold 
symmetry  twin  boundaries  between  platelets  where  A,  C,  and  E  platelets  are  twin  related  to  platelets  B, 
D,  and  F,  respectively,  but  they  are  tilted  slightly  about  the  c-direction.  Fig.  3  illustrates  the  90° 
boundaries  within  a  platelet,  in  which  the  four  domains  are  related  to  each  other  by  twinning,  and 
platelets  I  and  II  which  arc  dso  twin  related. 

Six-fold  symmetry  twinning  within  a  platelet  is  usually  observed  in  natural  aragonite  since  it  has  an 
orthorhombic  structure  (Pmen)  with  lattice  parameters  a  =  4.94  A,  b  =  7.94  A,  and  c  =  5.72  A,  but,  90° 
twin  boundaries  arc  less  common  in  nature.  It  should  be  noted  that  the  90°  boundary  can  be  accounted 
for  by  forming  four  twin-related  domains.  However,  to  form  hexagonal  platelets,  there  should  be  only 
a  60°  angle  between  each  pair  of  domains,  with  six  domains  completing  360°  for  the  whole  platelet 
This  is  not  possible  since  the  outer  edges  of  the  platelets  are  parallel  to  { 1 10)  twin  planes.  The  angle 
between  (110}  planes  is  63°  and  this  leaves  3°  unaccounted  for,  and,  therefore,  causes  each  domain  to 
be  highly  strained.  Careful  analysis  of  each  domain  indicates  that  there  are  two  sets  of  growth  twins 
forming  on  { 1 10)  planes  as  illustrated  in  Fig.  4.  The  presence  of  these  fine  scale  defects  indicates  that 
the  3°-strain  is  accommodated  by  the  formation  of  these  twins.  As  observed,  some  of  the  strain  can 
also  be  released  by  a  slight  misalignment  among  the  domains  along  the  c-direction. 

In  summary,  there  are  three  scales  of  twins:  (i)  first  generation  twins  between  platelets,  (ii)  secondary 
twins  between  the  domains  in  a  given  platelet,  and  (iii)  nanoscale  twins  within  domains.  It  is  well 
known  that  the  structure  of  biological  soft  tissues,  such  as  tendon,  have  highly  ordered  hierarchical 
structure.  To  our  knowledge,  this  is  the  fust  time  it  has  been  shown  that  the  inorganic  component  of  a 
biological  structure  also  has  a  hierarchical  structure.  In  this  case,  the  hierarchical  twin  structure  covers 
four  orders  of  magnitude  sire  scale  ranging  from  nanometer  to  sub-millimeter,  again  revealing  highly 
ordered  microarchitecture  in  the  nacre  of  red  abalone.  ^ 
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Fig.  3  Second  generation  twins  in  a  four-fold 
M  configuration,  and  first  generation  twins 

1  between  the  platelets  I  and  II. 

Fig.  4  Third  generation  twins  on  a  fine  scale  on 
(1 10)  and  (1 10)  planes  in  a  domain. 
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Abstract 


The  effects  of  structures  on  the  mechanical  properties  of  laminated  composites,  with  lamination 
at  the  nanometer  scale,  are  discussed  by  presenting  two  example  systems,  one  inorganic  and  the 
other  biological.  The  first  example  is  from  a  metallic  system  that  forms  a  lath  martensitic  structure 
due  to  a  phase  transformation  in  the  Fe-C  binary  alloy.  In  this  case,  the  heavily  dislocated 
martensitic  units  are  hard  and  strong  (supersaturated  with  carbon)  and  are  surrounded  by  ductile 
retained  austenite  thin  films.  The  second  example  is  nacre,  a  biological  composite,  consisting  of 
relatively  hard  (CaCOs)  platelets  surrounded  by  a  soft  proteinaceous  matrix,  resulting  in  a  brick 
and  mortar  micro-architecture.  In  both  cases,  the  hard  component  has  a  thickness  in  the  range 
of  100-500  nm  and  the  soft  component  of  about  10-50  nm.  The  unique  .structural  organization  of 
the  components  gives  the  overall  composite  an  excellent  combination  of  mechanical  properties  in 
terms  of  hardness,  strength,  and  toughness.  In  this  paper,  the  structures  of  these  materials  are 
discussed  in  detail  and  some  guidelines  are  presented  for  the  future  synthesis  of  nanolaminated 
composites. 

1.0  An  Introduction  to  Nanocomposite  Materials 

Properties  of  materials  are  structure-sensitive  and,  hence,  control  of  the  structure  on  a 
continuous  length  scale  from  the  nanometer  to  the  micrometer  to  the  macrometer  range  is 
essential.  For  instance,  metallic  and  ceramic  composites  and  monoliths  with  layered 
microstructures  and  homogeneous  matrices  containing  nanometer  scale  second  phases  offer 
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significant  advantages  in  controlling  the  physical  properties  of  materials.*  Examples  include 
layered  compound  semiconductors  in  which  both  the  chemistry  and  atomic  structure  of  the 
interfaces  are  controlled  for  improved  electronic  properties;^  high-temperature  ceramic  super¬ 
conductors,  such  as  YBa2Cu307.x^,  which  have  ultrathin  (~  1. 5-2.5  nm)  transformation  tvsdn 
boundaries  with  low  oxygen  ordering  where  the  twin  boundaries  act  as  flux  pinning  sites 
resulting  in  an  increase  in  critical  current  densities  in  high  applied  magnetic  fields;^  and  low- 
carbon/low-alloy  steels  that  are  strong  but  tough  due  to  a  hard  lath  martensitic  structure  and 
ductile  thin  film  retained  austenite. In  the  case  of  biological  composites,^  the  control  of  the 
structure  begins  at  the  nanometer  dimension  and  scales  up  in  secondary,  tertiary,  quarternary 
structures,  resulting  in  a  final  structure  that  is  often  hierarchical.  Hierarchical  biological 
composites  include  all  polymeric  composites  such  as  cxoskeletons  (cuticles)  of  insects,  ceramic- 
polymer  composites  in  skeletons  of  vertebrates  and  in  scashells,  and  ultrafine  paramagnetic* 
and  semiconducting^  particles  found  in  bacteria  and  algae.  Furthermore,  in  biological  materials 
the  resulting  structure  is  multifunctional,  conducting  heat  and  electrical  pulses  and  providing 
mechanical  responses. 

In  this  paper,  we  provide  detailed  analyses  on  the  structures  and  properties  of  two  novel 
nanocomposites:  (i)  high-strength/high-toughness  lath  martensitic  steels  and  (ii)  nacre  of  abalone 
shell.  Our  goal  here  is  to  illustrate  that  the  nanoscale  integration  of  metallic,  ceramic,  and 
polymeric  phases  in  a  composite  can  result  in  a  unique  combination  of  enhanced  properties. 
We  hope  that  these  two  examples  will  provide  pathways  for  the  processing  of  more  novel 
synthetic  structures. 
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2.0  Examples  of  Nanocomposite  Systems 


Techniques  such  as  those  used  in  the  formation  of  laminated  composite  structures  at  the 
nanoscale  have  been  developed  through  phase  transformations,  especially  in  metal  alloy  systems, 
by  carefully  selecting  the  correct  alloy  composition  and  controlling  the  heat  treatment  (cooling). 
An  excellent  example  is  the  high-strength/high-toughness  lath  martensitic  steels  developed 
during  the  1970s  and  early  1980s.^®  These  structures  are  nanocomposites  in  scale  and  have  soft 
(austenite)  and  hard  (martensite)  phases  with  a  uniform  distribution  of  fine  (nanometer  scale) 
carbide  precipitates,  closely  controlled  to  give  the  best  combination  of  strength  and  toughness 
in  the  final  material.  This  successful  composite  system  having  structural  variations  at  the 
nanometer  scale  will  be  discussed  in  more  detail  in  Section  2.1  and  will  be  closely  related  to 
the  biological  composites  in  Section  2.3.  In  Section  2.2,  an  ancient  technique  used  to  make  a 
metal/ceramic  composite  will  be  presented. 

2.1  Lath  Martensitic  Microstructures  in  Steels 

Low-carbon  (  <  0.3  wt%)/low-alloy  ( <  5.0  wt%)  steels  are  used  in  a  variety  of  applications 
from  armor  to  heavy  machinery.  These  steels  are  heat  treated  by  a.  simple  procedure  that, 
with  modification,  gives  a  myriad  of  microstructures,  resulting  in  a  vnldc  variation  in  properties 
(Fig.  1).  Low-alloy/low-carbon  steels  are  probably  the  best  examples  among  all  synthetic 
materials  .systems  in  terms  of  developing  composite  microstructures  on  a  wide  dimensional  scale 
(from  nanometer  to  micrometer)  with  a  high  degree  of  control  over  the  mechanical  properties. 


3 


I 

I 

I 

I 

I 

I 

I 

I 


Quenching  the  alloy  (about  100“C/s)  from  a  homogenization  temperature  (usually  above 
IGOO’C)  to  room  temperature  results  in  a  microstructure  composed  of  a  mctastablc  mixture  of 
martensitic  laths  (0.2-0.5  pm  x  2-5  pm  x  5-20  pm)  with  a  continuous  thin  film  of  (5-50  nm 
thick)  retained  austenite  decorating  the  lath  boundaries^  (Fig.  2).  The  Fe-C  equilibrium  diagram 
displays  a  eutectoid  transformation  at  723“C  and  0.8  wt%  C  composition.  Above  723‘’C 
austenite  (y-iron,  fee)  is  the  stable  phase.  Below  723'’C  ferrite  (a-iron,  bcc)  is  the  stable  phase 
and  has  a  maximum  solubility  of  C  at  about  0.02  wt%.  A  low  or  a  medium  C  steel  (0.05-0.4 
wt%)  quenched  from  the  austenite  phase  field  undergoes  a  shear  transformation  resulting  in  a 
metastable  martensitic  phase  which  has  supersaturated  C  in  the  lattice  that  orders  along  the 
c-direction,  and  hence,  the  crystal  structure  becomes  bet,  where  the  tetragonality  changes  with 
C  in  solution.  What  is  unusual  is  that  the  microstructure  contains  a  thin  film  retained  austenite 
continously  surrounding  the  martensite  phase  which  is  in  the  form  of  dislocated  laths  (Fig. 
2(a-b)).  Since  the  bet  lattice  of  Fe  is  highly  strained  due  to  the  supersaturation  of  C,  the  elastic 
modulus  and  the  strength  of  martensite  are  very  high  (50  GPa  and  5  GPa,  respectively).^ 
Correspondingly,  martensite  is  brittle.  On  the  other  hand,  austenite  is  tough  (in  the  case  of 
austenitic  steels,  Kje  is  about  150  MPa-m*'^)  but  not  as  strong  as  martensite  because  of  the 
easy  slip  in  the  fee  lattice  resulting  in  plastic  deformation.  Therefore,  the  final  microstructure 
in  a  low-carbon  lath  martensitic  steel  is  basically  a  nanocomposite  with  component  martensitic 
and  austenitic  phases  that  provide  the  strength  and  toughness  of  the  material,  respectively. 
Furthermore,  in  these  structures  the  properties  of  component  phases  can  further  be  modified 
by  a  low-temperature  tempering.  For  example,  tempering  the  quenched  structure  at  200®C  for 
2  h  produces  Widmanstatten  FesC  (cermentitc)- plate-shaped  with  a  thickness  of  10-20  nm- 
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which  results  in  a  substantial  increase  in  fracture  toughness  without  a  significant  loss  in  strength 
of  the  composite  structure. 

Layered  structures  can  be  readily  obtained  in  many  other  metallic  and  ceramic  systems 
with  two  or  more  components  whose  phase  diagrams  display  eutectic  or  eutcctoid  transforma¬ 
tions.  Metallic  (such  as  Cu-Nb)/^  ceramic  (B4C-SiC)/^  and  intermetallic  systems  (Al-Ti-Nb)*^ 
can  form  in  situ  composites.  Depending  on  the  cooling  rate  from  the  high-temperature  single¬ 
phase  homogenization  region,  a  certain  degree  of  control  over  the  thickness  of  the  lamellae  is 
assured,  but  not  usually  at  the  nanometer  level.  Some  of  the  structural  features  in  the  Fe-C 
system  discussed  above  include;  (i)  a  martensitic  transformation,  resulting  in  a  metastable 
microstructure  which  contains  the  high-temperature  parent  phase,  austenite,  indicating  that 
kinetics  dictates  the  final  microstructure;  (ii)  lamination  at  the  nanometer  level;  and  (iii)  the 
thorough  distribution  of  lath  martensitic  packets  (or  colonies),  resulting  in  a  true  three-dimen¬ 
sional  composite.  The  effect  of  adding  alloys,  such  as  Cr,  Mn,  Ni,  and  Si,  is  to  change  the 
kinetics,  such  as  the  martensite  start  temperature,  which  affects  the  C-diffusion  rates  and  the 
stability  of  the  retained  austenite,*®  as  well  as  to  change  some  of  the  intrinsic  properties  of  the 
component  phases. 

The  unusual  presence  of  a  high-temperature  austenite  phase  in  the  form  of  thin  films  is 
attributed  to  several  stabilization  mechanisms:*®  (i)  compositional  stabilization  due  to  the  high 
C  content  in  austenite  films  (up  to  1.0  wt%),  (ii)  mechanical  stabilization  due  to  a  high  degree 
of  deformation  of  the  austenite  lattice  between  the  martensite  laths,  and  (iii)  chemical  stabili¬ 
zation  from  the  locking  of  the  a'  /  y  interfaces  due  to  C  saturation  at  the  coherency  dislocations 
forming  Cottrell  atmospheres.  Even  at  high  cooling  rates  (10,000'’C/s),  C  atoms  leaving  the 
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a'  lattice  ahead  of  the  interface  move  into  the  y  lattice  and/or  accumulate  at  the  interface, 
stabilizing  the  austenite. 

Each  martensite  lath  in  a  given  region  obeys  a  specific  crystallographic  orientation  rela¬ 
tionship  with  the  retained  austenite,  either  a  Kurdjumov-Sachs  or  Nishiyama-Wassermann 
relationship,  that  results  in  a  {111}y  (parallel  to  {110}a')  habit.*°^  In  each  packet,  martensite 
laths  (all  having  the  same  [110]  direction)  belong  to  the  same  variant,  which  is  a  70®  rotation 
with  respect  to  the  neighboring  packet.  Therefore,  in  a  given  austenite  grain,  there  are  three 
variants  of  martensite,  resulting  in  an  overall  structure  which  is  a  true  three-dimensional 
composite  with  local  lamination  of  component  phases  at  the  nanometer  scale.  As  a  result  of 
this  process,  a  unique  lath  martensitic  microstructure  develops  which  displays  a  room  temper- 
ature  fracture  toughness,  Kje,  of  about  100  MPa-m  '  and  a  tensile  yield  strength,  oy,  of  about 
1.4  GPa.‘° 

2.2  Samurai  Sword:  An  Ideal  Nanocomposite  Alloy 

The  practice  of  controlling  the  structure  of  materials  at  the  nanometer  scale  to  achieve 
desired  properties  has  a  long  history,  especially  in  metallurgy.  Understanding  the  microstructures 
in  ancient  materials  can  be  useful  both  for  developing  "micro-architectural  design”  concepts 
for  modern  multifunctional  composites  as  well  as  generating  new  alloy  microstructures.  An 
excellent  example  of  this  is  Damascus  steel,  which  was  developed  in  the  Middle  East  during 
the  late  iron  age,  more  than  2000  years  ago.  The  steel  was  used  mostly  for  armor  applications, 
which  required  high  toughness  as  well  as  high  strength  and  hardness.  The  metallurgy  that 
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produced  Damascus  steel  is  based  on  a  simple  thcrmomcchanical  cycle  that  forms  a  composite 
structure  containing  soft  and  hard  phases.*^  Originally  “cast”  high-carbon  steel  (wt%  C  > 
1-2%)  is  homogenized  at  nOO^C,  which  produces  coarse  austenite  (y)  grains.  The  steel  is  then 
cooled  slowly  through  the  y-carbide  (Fe3C)  region  during  which  pre-cutcctoid  carbides  form  at 
prior  austenite  grain  boundaries.  The  coarse  microstructure  is  “broken  down”  during  forging 
at  temperatures  of  750®-900'’C,  and  carbides  spherodize  to  form  strings  of  particles  in  refined 
austenite  grains.  Quenching  into  warm  water  (dO'-SO^C)  from  about  750®C  transforms  the  fine 
austenite  grains  into  fine  needles  of  brittle  but  strong  martensite,  which  as  discussed  previously 
is  a  supersaturated  ferrite.  The  material  is  then  annealed  at  200®-300“C  to  produce  tempered 
carbides  (20-50  nm)  in  what  is  now  still  strong  but  relatively  tough  martensite  needles.  The 
resulting  microstructure  is  then  tough  martensite  containing  ultrafinc  precipitates  with  hard 
strings  of  carbides  located  at  prior  austenite  grain  boundaries. 

Many  variations  of  these  iron-based  structures  have  since  been  developed  by  modifying 
the  thermomechanical  treatments,  most  notably  by  “composite  lamination,”  which  incorporates 
both  pure  iron  (soft  and  tough)  and  high  and  medium  carbon  steels  (hard  and  strong).^^  An 
excellent  example  of  this  is  the  Samurai  sword,  which  is  truly  “nanolaminated”  and  is  an  ideal 
material  for  its  purpose  because  of  its  unique  combination  of  toughness,  hardness,  and  rigidity.^® 
These  three  properties  in  one  material,  however,  are  contradictory;  that  is,  toughness  implies 
a  soft  material  that  bends  easily,  hardness  is  associated  with  brittle  material,  and  rigidity 
requires  high  strength.  However,  Japanese  smiths,  many  centuries  ago,  developed  these  com¬ 
posites  based  on  techniques  similar  to  the  earlier  techniques  of  Damascus  steel-making  by 
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understanding  how  thermomechanical  treatments  and  compositional  adjustments  can  change 
the  steel's  properties  (Fig.  3). 

The  final  body  of  a  sword  blade  is  a  hierarchical  structure  consisting  of  a  soft  inner  core 
(ferrite)  with  a  hard  outer  core  (low-carbon  martensite).  The  steel  is  produced  first  in  the  form 
of  a  thick,  laminated  iron  and  steel  blank  with  dimensions  1/2"  thick  by  2"  wide  and  6  to  8" 
long.  The  blank  is  inserted  into  a  pine  ash  (carbon  source)  and  heated  white  hot  (about  600* 
to  800"C)  and  then  doubled  onto  itself  and  hammered  until  it  again  has  its  original  dimensions 
(Fig.  3).  This  process  is  repeated  fifteen  to  twenty  times.  Four  similar  blanks  are  then  welded 
together,  and  the  same  thermomechanical  treatment  is  repeated  five  times.  The  resulting  blank 
forms  a  laminate  with  the  thickness  of  each  lamellae  equal  to  2"/4  x  5  x  2^^  or  a  few  nanometers. 
At  this  time,  the  surface  of  the  blade  (the  laminated  blank)  is  scraped  and  ground  to  shape. 
The  final  blade  is  covered  with  mixture  of  clay  and  fine  sand,  and  then  dried.  The  blade  is 
then  heated  to  austenitizing  temperature  (about  900*C)  and  quenched  to  room  temperature  in 
a  bath  of  oil  or  water  by  inserting  the  tip  first  and  then  the  sharp  edge  horizontally.  The  final 
blade  has  a  curved  shape  with  the  sharp  edge  having  mostly  a  hard  and  strong  martensitic 
■  structure  and  the  back  edge  consisting  of  the  relatively  soft  ferritic  microstructure.  Both  are 
nanolaminates,  which  provide  the  ultrarigidity  to  the  overall  material.  Although  no  quantitative 
measurements  have  been  made  to  date,  the  composite  has  been  known  to  have  an  excellent 
combination  of  impact  resistance,  strength,  and  toughness  in  practice. 
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2.3  Nacre  of  the  Red  Abalone  Shell:  A  Natural  Ceramic-Polymer  Laminated  Material 


It  is  coincidental  that  the  lath  martensitic  structures  discussed  in  Section  2.1  are  similar 
in  design  on  a  local  scale  to  the  structure  of  nacre,  which  forms  the  basis  of  many  shells  such 
as  those  from  gastropods,  cephalopods,  and  mollusks.’^  Both  the  lath  martensitic  structures 
and  the  biologically  occurring  nacre  structure  are  similar  in  that  they  (i)  are  laminated  on  a 
fine  scale,  (ii)  have  a  hard  and  strong  phase  (martensite  in  steel  and  aragonite  in  nacre)  that 
is  thicker  than  the  soft  and  tough  phase  (austenite  in  steel  and  an  organic  proteinaceous  matrix 
in  nacre),  (iii)  have  a  hard  phase  100-500  nm  thick  and  a  soft  phase  10-20  nm  thick,  and  (iv) 
have  soft  phases  in  both  cases  of  about  2-4%  by  volume.  It  is  not  coincidental,  however,  that 
both  structures  provide  a  good  combination  of  strength  and  toughness  with  adequate  hardness 
in  the  overall  composite.  For  the  purposes  of  micro-architectural  design,  the  structure  of  nacre 
is  described  in  detail  below. 

The  method  used  by  organisms  in  processing  materials  is  in  many  ways  more  controlled 
than  synthetic  methods.  In  the  formation  of  biological  materials,  therefore,  organisms  can 
•efficiently  produce  complex  and  hierarchical  microstructures  with  unique  properties  at  spatial 
levels  ranging  from  the  molecular  (10“*®  m)  to  the  macroscopic  (10“^  m),  and  with  greater 
control.  The  dynamism  of  these  systems  allows  the  collection  and  transport  of  the  raw 
constituents;  the  nucleation,  configuration,  and  growth  of  new  structures  (self-assembly);  and 
the  repair  and  replacement  of  old  or  damaged  components. 

Nacre,  a  ceramic-polymer  nanocomposite  of  red  abalone  shell  (Halioiis  rufescens),  for 
example,  displays  a  unique  structure-property  correlation.^®  A  longitudinal  cross-section  of  the 
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red  abalone  shell  displays  two  types  of  structures:  the  outer  prismatic  layer  and  the  inner 
nacreous  layer.  Two  forms  of  CaC03,  calcite  (rhombohedral,  R3c)  and  aragonite  (Pmnc), 
constitute  the  inorganic  component  of  the  organic-inorganic  composite  in  the  prismatic  and 
the  nacreous  layers,  respectively. 

The  mechanical  properties  of  nacre,  i.e.,  af  (fracture  strength)  and  Kic  (fracture  toughness), 
have  been  evaluated  in  the  transverse  direction  (perpendicular  to  the  shell  plane)  and  exhibit 
values  of  180  MPa  and  about  10  MPa*m*^,  respectively  (Fig.  4).  In  addition  to  a  substantial 
increase  in  strength,  there  is  an  increase  in  the  fracture  toughness  of  at  least  40  times  in  nacre 
compared  to  the  fracture  toughness  of  monolithic  CaC03  (Kic  <  0.25  MPa’m*^^)  based  on  a 
straight  notch  three-point  bend  test.  In  terms  of  specific  strength,  nacre  is  comparable  to 
many  monolithic  ceramics;  in  terms  of  toughness,  nacre  is  a  better  material.  It  is  surpassed 
by  only  the  most  successful  ceramic-metal  composites  (cermets):  WC-Co  (density  14.5  g/cc),^^ 
AI2O3-AI  (density  2.8  g/cc),^^  and  B4C-AI  (density  2.65  g/cc),^^  all  of  which  have  the  form  of 
a  three-dimensional  network  and,  hence,  have  isotropic  properties. 

The  study  of  crack  propagation  behavior  in  nacre  reveals  a  high  degree  of  tortuosity  not 
seen  in  traditional  brittle  (such  as  AI2O3)  and  tough  (Zr02)  ceramics,  indicating  that  certain 
toughening  mechanisms,  such  as  crack  blunting,  branching,  and  "layer  pullout,”  operate  in  the 
shell.  A  closer  examination  of  the  microstructure  reveals  that  cracks  mostly  advance  through 
the  organic  layer  and  with  difficulty  as  this  process  is  accompanied  by  sliding  of  the  CaC03 
layers  (when  there  is  a  shear  component  of  the  resolved  stress)  and  by  the  bridging  of  the 
organic  ligaments  (when  there  is  a  normal  stress  component),  as  shown  in  Fig.  5(a-b).  It  is 
these  last  two  mechanisms  that  contribute  most  to  the  toughening  of  nacre.  These  processes 
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absorb  considerable  energy  that  would  otherwise  be  used  in  the  propagation  of  cracks  through 
the  material,  resulting  in  controlled  crack  propagation  and  hence  a  damage  tolerant  composite. 

The  superior  mechanical  properties  of  the  nacre  section  of  abalone  shell  (which  is  96-98% 
CaC03  and  about  2-4%  organic  matter)  over  those  of  synthetic  ceramics  and  their  composites 
come  from  the  unique  "brick  and  mortar”  micro-architecture.  Figure  6  shows  the  alternating 
layers  of  the  hexagonally  shaped  100-500  nm-thick  aragonite  crystals  (platelets)  that  form  the 
hard  component  and  the  thin  (10-20  nm)  organic  substance  (a  nanolaminate  of  chitin,  proteins, 
and  macromolecules)  that  provides  the  “ductile”  component  of  the  microstructure.  It  appears, 
therefore,  that  the  organic  matrix  not  only  acts  as  the  lifeline  of  the  shell  but  also  is  an 
indispensable  structural  component  of  the  resultant  ceramic-polymer  composite.  The  conclusion 
that  can  be  drawn  from  these  observations  is  that  in  the  composite  (i)  the  biopolymer  component 
has  to  be  soft  and  sticky,  and  (ii)  the  inorganic  component  has  to  be  hard,  and  (iii)  interfaces 
between  the  soft  and  the  hard  components  must  be  strong.  These  guidelines  may  serve  as  a 
design  basis  for  enhancing  impact  and  wear  resistance  in  future  nanolaminated  engineering 
materials,  such  as  cerpolys  (ceramic-polymers)  and  cermets  (ceramic-metals),  incorporating  soft 
and  hard  components. 

3.0  Summary 

From  the  above,  it  is  clear  that  structures  of  lath  martensitic  steels  and  nacre  are  very 
similar.  In  steels,  it  is  the  martensite  lath,  which  has  dimensions  similar  to  CaC03  in  nacre 
(both  about  200-500  nm  thick),  that  provides  strength.  The  thin  film  retained  austenite  (5-50 
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nm  thick)  that  covers  the  martensite  platelets  (laths)  is  similar  to  the  organic  layer  (10-20  nm) 
covering  the  aragonite  platelets  in  the  nacre.  Furthermore,  in  both  cases,  the  interfaces  are 
very  strong  between  the  hard  and  soft  phases.  In  terms  of  crystallographic  relationships  in 
nacre,  adjacent  CaCOa  platelets  have  their  [00  Ij  axis  perpendicular  to  the  platelet/organic 
matrix  interface,  with  plates  rotating  slightly  (1-5®)  with  respect  to  this  axis.  In  martensite, 
similarly,  the  adjacent  laths  have  a  common  <  110  >  axis,  perpendicular  to  the  a'/y  interface, 
with  laths  rotating  slightly  (1-6®)  with  respect  to  this  axis.  In  both  cases,  the  matrices  (organic 
phase  in  the  nacre  and  austenite  in  lath  martensitic  structures)  have  the  same  orientation 
throughout.  However,  the  difference  between  the  two  structures  is  that  the  lath  martensite 
contains  packets  (three  70®-variants  of  martensite  crystals)  within  each  pre-austenite  grain  that 
are  randomly  distributed  throughout  the  sample.  In  nacre,  the  local  arrangement  of  the  layered 
structure  is  repeated  throughout  the  thickness  of  the  sample.  Therefore,  lath  martensite  is  a 
true  three-dimensional  microstructure  with  local  laminated  domains  that  produce  its  isotropic 
mechanical  properties.  Nacre,  on  the  other  hand,  is  a  true  two-dimensional  microstructure 
possessing  high  anisotropic  properties. 

Unfortunately,  other  than  expensive  techniques  such  as  molecular  beam  epitaxy,  presently 
we  do  not  have  commercially  viable  techniques  to  produce  nanolaminated  structures  as  good 
as  the  two  novel  examples  discussed  in  this  paper.  We  hope  that  future  research  will  provide 
more  practical  processing  schemes  to  accomplish  the  goal  of  achieving  cermet  and  cerpoly 
composites. 
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Tabic  I.  Natural  and  Synthetic  Nanocompositc  Materials 


Natural 

Dimension  of  the 

Second  Phase 

Synthetic 

Dimension  of  the 

Second  Phase 

clays  (2-D) 

~  1  nm 

semiconductor  heterostructures  (2-D) 

1  nm  layers 

opal  (2-D) 

~  1  nm 

high -temperature  superconductors  (2-D) 

1  nm  layers 

scashclis  (2-D) 

1-100  nm 

lath  martensite  (3-D) 

5-50  nm  layers 

samurai  sword  (2-D) 

1  —  3  nm  layers 

(calculated) 

Ti-C  multilayers  (2-D) 

2-10  nm 
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Figure  Captions 


Figure  1. 


Figure  2. 


Figure  3, 


Figure  4. 


TTT  diagrams  for  bulk  steel  and  hypothetical  steels  having  the  compositions  of 
retained  austenite  (Ret-y)  phases  in  lower  bainitc  (LB)  and  martensite  (M), 
respectively.  Microstructurcs  produced  by  difTerent  cooling  routes  from  austenite 
phase  field  are  also  schematically  indicated  (A:  austenite;  C:  carbide;  IT:  isother¬ 
mal  transformation;  T:  tempering;  P:  pearlite;  TM:  tempered  martensite;  and 
UB:  upper  bainite.; 

(a)  Bright  field  and  (b)  dark  field  images,  the  latter  recorded  by  using  the  retained 
austenite  reflection,  reveal  dislocated  martensite  laths,  with  a  common  <  1 10>  m 
direction,  and  thin  film  retained  austenite,  with  <  1 1 1  >  a  parallel  to  <  1 10>  m 
in  each  packet. 

The  making  of  samurai  swords:  two  Jihada.  Masame  grain  is  produced  when 
the  unhammered  face  of  the  forged  block  of  steel  is  used  to  form  the  surface  of 
the  blade.  Itame  is  made  by  using  the  hammered  face,  creating  a  laminated 
appearance  resembling  nacre  or  a  wood  surface. 

Mechanical  properties  of  the  nacre  section  of  the  red  abalone  shell  (96%  CaCOs, 
4%  organic)  as  compared  to  common  high-technology  ceramics  and  cermets. 
Note  the  increase  of  properties  in  nacre  compared  to  monolithic  CaC03. 
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Figure  5.  (a)  and  (b)  are  secondary  electron  images  in  SEM  revealing  crack  propagation 

characteristics  in  the  nacre  structure;  and  sliding  of  CaC03  platelets  and  ligament 
formation  in  the  organic  matrix,  respectively. 

Figure  6.  TEM  BF  image  in  cross-section  revealing  the  “brick  and  mortar”  micro- 
architecture  of  CaCOa  platelets,  C,  and  organic  matrix,  OM,  in  the  nacre  section 
of  red  abalone  shell. 
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Figure  7.  A  TEM  image  of  the  organic  matrix  displaying  a  five-layer  sandwich  structure  of  the  _.  -  _. .  ,  , 

composite.  This  section  was  stained  with  uranyl  acetate  and  the  aragonite  crystals  were  dissolved  by  the  higure  8.  TEM  image  of  a  gold  citrate  stained  section  of  nacre  which  was  originally  ion-beam  milled, 

staining  solution.  major  features  of  interest  are  dark  bands  (DB)  within  the  organic  layer  and  the  preferential  etching 

characteristics  of  the  aragonite  crystals  (ST)  which  give  a  saw-tooth  angle  of  about  46°  in  this  projection. 
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Figure  7.  SEM  images  from  fractured  sea  urchin  spine  reveal  structural  detail  at  different  magnifications. 
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1.  Historical  background 

Since  the  day  Galilei  discovered  the  telescope 
[1]  and  Hooke  discovered  the  light-optical  micro¬ 
scope  [2],  these  instruments  have  been  used  to 
examine  objects  increasingly  distant  in  space  and 
smaller  in  size  of  a  given  sample,  respectively.  At 
the  same  time,  researchers  have  sought  to  im¬ 
prove  the  capability  of  the  instrument  to  resolve 
closely  spaced  objects,  those  farthest  away  with 
the  telescope,  those  smallest  in  size  with  the 
microscope  [1-5],  Defining  spatial  resolution  and 
improving  it  remain  major  objectives  in  the  pres¬ 
ent  time,  along  with  improvements  in  the  imaging 
instruments  themselves. 

Scientists  have  debated  both  the  theoretical 
definition  of  resolution  and  the  practical  ways  of 
measuring  its  predicted  values  for  centuries.  With 
the  discovery  of  new  microscopy  techniques-i.e. 
those  that  do  not  use  a  focusing  lens,  which 
otherwise  constitutes  a  major  part  of  traditional 
imaging  systems-the  issue  of  what  resolution  ac¬ 
tually  is  in  a  given  instrument  has  become  even 
more  pressing.  The  object  points  seen  with  these 
new  imaging  systems  are  now  in  the  atomic  di¬ 
mension.  It  should  be  obvious  that  the  interpreta¬ 


tion  of  the  image  detail,  or  description  of  what 
has  actually  been  seen,  depends  largely  on  the 
.smallest  and  closest  objects  that  can  be  seen  in 
the  image,  along  with  the  contrast  generated  by 
these  object  points.  In  the  following  sections,  we 
briefly  summarize  how  the  concept  of  resolution 
and  its  measurement  have  evolved  over  the  years 
emphasizing  the  historical  perspective.  In  touch¬ 
ing  upon  a  number  of  microscopy  techniques  in 
this  paper,  we  hope  to  set  the  stage  for  the  more 
rigorous  discussions  that  follow  in  this  special 
issue. 


2.  Resolution  in  imaging 
2.1.  Light-optical  instruments 

In  the  broadest  terms,  the  resolution  of  an 
image  formed  in  an  optical  instrument  is  defined 
by  the  smallest  distinguishable  distance  between 
two  closely  spaced  features  in  the  sample.  Each 
point  source  in  the  object,  absorbing  or  self- 
luminous,  produces  a  corresponding  image  point 
at  the  focal  plane  of  an  objective  lens.  Based  on 
the  wave  theory  [3],  each  image  point  has  an 
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intensity  distribution  given  approximately  by  a 
Gaussian  function  and  consists  of  a  central  bright 
disk  surrounded  by  alternating  dark  and  bright 
rings  of  eventually  decreasing  intensity  (Airy  disks 
[6]),  shown  schematically  in  fig.  la.  The  angular 
radius  of  the  central  disk  is  given  by: 

0  =  1.2197  A/2/?,  (1) 

where  A  is  wavelength  of  light  and  2R  is  the 
diameter  of  the  objective  aperture.  Contrast  in 
the  image,  then,  arises  from  the  differences  in  the 


magnitude  of  the  intensities  within  these  disks, 
and  the  information  in  the  image  is  limited  by  the' 
amount  of  overlap  between  them  (fig.  lb).  The 
ability  to  distinguish  between  two  closely  spaced 
object  points  is,  therefore,  limited  by  the  ability 
to  distinguish  intensity  maxima,  in  the  case  of 
luminous,  and  minima,  in  the  case  of  absorbing 
points,  in  the  Airy  disks. 

If  we  consider  two  object  points  separated  by 
distance  d,  the  centers  of  their  diffraction  disks 
will  be  a  distance  Md  apart,  where  M  is  the 


criterion  for 
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Fig.  2.  (a)-(c)  Intensity  distribution  in  an  aberration-free 
image  of  two  neighboring  point  sources  (from  ref.  [7]). 


magnification  (fig.  2).  If  Md  is  greater  than  the 
distance  between  the  center  and  the  first  mini¬ 
mum  (or  zero)  of  the  diffraction  figure,  a  dip  will 
appear  between  the  two  intensity  peaks,  allowing 
their  separation  (fig.  2a).  If,  however,  the  disks 
are  closer  together,  the  two  diffraction  figures 
will  appear  to  coalesce  since  the  maximum  of  the 
intensity  would  fall  halfway  between  the  centers 
of  two  diffraction  patterns  (fig.  2b)  and  the  dip  in 
intensity  will  eventually  disappear.  The  limit  of 
resolution,  then,  can  arbitrarily  be  defined  as  the 
point  at  which  the  peak  of  one  diffraction  figure 
coincides  with  the  first  minimum  of  the  other  (fig. 
2c).  This  establishes  the  smallest  separation  be¬ 
tween  two  points  of  the  object  that  will  still  allow 
the  observer  to  distinguish  the  two  points  as 
separate  entities  [8]. 


If  a  is  the  half  angle  subtended  by  the  aper¬ 
ture  at  the  object,  i.e.,  the  objective  aperture,  and 
rij  and  are  indexes  of  refraction  of  the  image 
space  and  the  medium  in  which  the  object  is 
placed,  respectively,  then  the  theorem  of 
Helmholtz-Lagrange  requires  that: 

/Iq  sin  a  =  Mn/a/b.  (2) 

The  condition  under  which  the  diffraction  maxi¬ 
mum  for  one  point  coincides  with  the  first  mini¬ 
mum  for  the  other  takes  the  form: 

(2irA/d/Ai)(/io  sin  a/n-.M)  =  I.IItt,  (3) 

or 

d  =  0.61  Afl/sin  a,  (4) 

where  and  Aj  is  the  wavelength  of 

the  imaging  radiation  at  the  object. 

The  effective  angular  aperture  of  the  imaging 
beams  is  determined  not  by  the  size  of  the  aper¬ 
ture  but  by  the  degree  of  scattering  in  the  object. 
If  a  coherent  radiation  of  any  kind  strikes  a 
periodic  structure,  such  as  a  line  grating  with  line 
separation  d,  some  of  the  incident  radiation  will 
be  scattered  producing  diffracted  beams.  Abbe’s 
theory  of  the  imaging  of  non-self-luminous  ob¬ 
jects  by  the  microscope  tells  us  that  in  addition  to 
the  primary  beam  at  least  one  of  the  two 
diffracted  beams  must  pass  through  the  objective 
lens  to  produce  an  image  of  the  structure.  This 
image  is  the  result  of  the  interference  of  the 
direct  beam  with  the  diffracted  beams  in  the 
image  plane.  The  angles  d  which  the  diffracted 
beams  form  with  the  primary  beam  are  given  by 
sin  e  =  n\/d;  the  condition  that  at  least  one 
diffracted  beam  be  admitted  in  addition  to  the 
central  beam  takes  the  form: 

d  >  A/sin  a,  for  illumination  parallel 

to  the  axis;  (5a) 

<f>A/2sina,  for  oblique  illumination.  (5b) 

These  relationships  typically  define  the  resolving 
power  of  the  microscope  for  non-luminous  ob¬ 
jects  and  the  conclusion  is  essentially  the  same  as 
for  the  imaging  of  self-luminous  point  objects 
discussed  above  [9]. 
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For  the  simplest  example  of  diffraction  phe¬ 
nomena,  we  take  a  very  long  and  narrow  rectan¬ 
gular  slit  (ignoring  the  effect  at  the  ends)  with  a 
normal  incident  wave  of  wavelength  A  (fig.  lb). 
According  to  Huygens’  principle,  when  the  inci¬ 
dent  wave  falls  onto  the  slit,  all  points  of  its  plane 
become  secondary  sources  of  waves,  emitting  new 
(diffracted)  waves.  At  certain  angles  6  with  re¬ 
spect  to  the  incidence,  the  intensity  becomes  zero 
according  to  b  sin  0  -  nX,  n^O  (n  -Q  is  the 
maximum  illumination),  where  b  is  the  width  of 
the  slit,  i.e.,  sin  0  =  ±X/b,  ±2X/b,  ±3A/f),with 
decreasing  intensity  maxima.  The  resolving  power 
of  a  rectangular  slit,  defined  by  Rayleigh,  is  the 
minimum  angle  subtended  by  two  incident  waves 
coming  from  two  distant  points  of  self-luminous 
sources  which  permit  their  respective  diffraction 
patterns  to  be  distinguished  [9],  As  shown  in  fig. 
lb,  the  sources  S,  and  S2  form  an  angle  6,  and 
the  waves  pass  through  the  same  slit  reducing 
superimposed  diffraction  patterns.  The  patterns 
become  distinguishable  when  the  central  maxi¬ 
mum  of  one  falls  on  the  first  zero  on  either  side 
of  the  central  maximum  of  the  other,  for  which 
9  =  A//3,  which  gives  the  resolving  power. 

The  diffraction  pattern  produced  by  a  circular 
aperture  of  radius  R  consists  of  a  bright  disk 
surrounded  by  alternating  dark  and  bright  rings 
of  decreasing  intensity.  As  in  the  case  of  the 
rectangular  slit,  the  angle  corresponding  to  the 
first  dark  ring  is  given  by; 

2R  sin  0/A  =  1.21987 

or 

sin  0~0~  1.22A/2R.  (6) 


Here  the  angle  0,  the  angle  subtended  by  the 
image,  defines  the  resolution,  a  circumstance  ex¬ 
tensively  discussed  in  the  literature  as  the  resolv¬ 
ing  power  of  telescopes  [5,9]. 

The  magnification  of  the  optical  instrument  is 
limited  by  the  resolving  power  of  the  objective 
lens  and  the  eye  of  the  observer.  According  to  fig. 
3,  the  resolving  power  of  the  eye  is  about  0.2  mm, 
or  the  angle  subtended  by  the  image  /3  =  0.02 
cm/25  cm  =  4  X  lO”"*  rad  =  1.36".  For  an  objec¬ 
tive  with  a  diameter  D,  the  maximum  useful 
magnification,  M,  for  a  telescope  would  be: 

M-P/0. 

M  =  4X10~''D/1.22A  =  3.3X10-''Z)/A.  ^  ’ 

Larger  magnification  would  result  in  either  a 
smaller  value  for  a,  which  would  mean  less  detail 
in  the  image,  or  a  larger  value  of  /3,  which  essen¬ 
tially  does  not  reveal  any  new  detail  in  the  image. 
For  light,  A  «  500  nm  and  M  ~  660D,  where  D  is 
measured  in  meters.  In  the  new  Keck  telescope 
built  at  Mauna  Kea  in  Hawaii,  for  example,  D  = 
10  m;  for  a  magnification  of  about  660,  the  resolv¬ 
ing  power  is  10”^  seconds  of  arc,  sufficient  to 
resolve  a  double-star  with  the  same  angular  sepa¬ 
ration  (assuming  no  scattering  in  the  atmosphere, 
which  actually  is  true  only  for  the  Hubble  tele¬ 
scope  [10]). 

Similarly,  in  the  light-optical  microscope,  the 
useful  magnification  is  also  limited  by  the  resolu¬ 
tion;  from  eq.  (4): 

d  =  X/2n  sin  0,  (8) 

where  A  and  0  have  the  usual  meaning  and  n  is 
the  index  of  refraction  of  the  medium  in  which 
the  object  is  immersed.  In  general  (2  n  sin  0)  is 


Fig.  3.  Resolving  power  of  the  human  eye. 
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about  3,  so  that  =  A/3.  The  maximum  magnifi¬ 
cation,  from  M  =  there¬ 

fore,  is  ~  600  X  ,  similar  to  that  of  a  telescope 
[9]. 

2.2.  Transmission  electron  microscopy 

After  the  discovery  of  electrons  [11]  and  theo¬ 
retical  [12,13]  and  experimental  [14,15]  verifica¬ 
tion  of  their  wave  nature  and  fundamental  under¬ 
standing  of  wave  propagation  through  matter  [16], 
it  was  realized  that  magnetic  or  electrostatic 
lenses  could  be  used  to  focus  electrons  diffracted 
from  thin  transparent  samples  [17].  Based  on  the 
principles  set  forth  by  Abbe  [8]  on  the  wavelength 
diffraction  limitation,  i.e.,  that  resolution  is  pro¬ 
portional  to  the  wavelength  of  radiation  used, 
electron  microscopes  were  developed  to  increase 
resolution  based  on  the  shortness  of  electron 
wavelength.  Until  the  introduction  of  electron 
microscopes,  however,  the  lenses  used  in  light- 
optical  microscopes  were  nearly  perfect,  and  the 
images  were  aberration-free.  It  was  realized  [18] 
that  wave  static  aberration  (i.e.,  spherical  aberra¬ 
tion)  limits  the  size  of  the  objective  aperture,  a, 
that  can  be  used  in  the  electron  microscope.  The 
rays  that  originate  from  a  single  point  on  the 
object  and  then  pass  through  the  lens  would  be 
focused  at  different  locations  along  the  optic  axis 
before  and  after  the  image  plane,  creating  a  disc 
of  confusion.  The  diameter,  d^,  of  the  disc  of 
confusion  is  given  by; 

d,  =  CJa\  (9) 

where  Cj  is  called  the  spherical  aberration  coeffi¬ 
cient  and  /  is  the  focal  length  in  mm.  In  this 
relationship,  the  disc  of  confusion,  which  pro¬ 
vides  no  structural  information  but  is  merely  an 
optical  confusion,  has  a  cubic  relationship  with  a. 
As  a  result,  large  objective  apertures  significantly 
worsen  the  possibility  of  observing  image  detail. 
From  eqs.  (1)  and  (2)  the  optimum  value  of  a  is 
then  given  by: 

a„p,  =  (l/2CJ)‘/r  (10) 

Substituting  this  value  in  eq.  (1),  the  resolution 
value,  5,  in  the  electron  microscope  becomes: 

6  =  1/q  =  0.67Cy''A^/^  (11) 


As  in  the  case  of  light-optical  microscopy,  there  is 
a  direct  relationship  between  5  and  A,  but  in 
electron  microscopy  a  convolution  of  aberration 
coefficient  decreases  the  ability  to  distinguish  im¬ 
age  detail. 

Due  primarily  to  the  axial  symmetry  in  the 
magnetic  field  of  the  lenses  and  partly  to  a  confu¬ 
sion  about  how  to  measure  a  separation  between 
small  particles  or  edges  (e.g.,  distance  between 
centers  of  just  resolved  particles,  half  the  width  of 
a  contour  of  a  sharp  edge  taken  from  external 
maximum  to  internal  minimum,  and  the  esti¬ 
mated  minimum  possible  separation  between 
Fresnel  fringes  in  the  image  of  a  sharp  edge), 
theoretical  predictions  of  resolution  in  the  elec¬ 
tron  microscope  were  not  demonstrated  for  a 
long  period  of  time  [7]. 

Along  with  the  studies  of  resolution  and  its 
experimental  measurement,  it  was  realized  that 
contrast  in  the  image  also  affects  the  resolution 
[17-23].  In  actual  practice,  the  contrast  in  the 
image  of  an  atom  (or  cluster  of  atoms)  of  low-Z 
elements,  Z  =  25,  is  greatly  reduced  by  (i)  the 
presence  of  nearby  atoms,  (ii)  the  use  of  non¬ 
parallel  illumination,  (iii)  the  presence  of  sup¬ 
porting  film,  and  (iv)  lens  aberrations.  Hillier 
concluded  that  even  in  the  optimum  case  of  ultra- 
fine  “free”  particles  (hypothetical  case  of  parti¬ 
cles  suspended  in  space  at  the  object  plane),  the 
contrast  obtainable  from  a  light  particle  would  set 
the  limit  of  the  size  of  the  particle  that  could  be 
discerned  with  the  electron  microscope,  and  that 
these  particles  could  be  observed  only  in  the 
presence  of  a  lens  error  [21,22]. 

Scherzer  formulated  the  resolving  power  of 
the  electron  microscope  in  a  well  known  resolu¬ 
tion  equation,  structurally  similar  to  that  in  eq. 
(1)  but  based  on  lens  aberration  and  defocus;  he 
also  obtained  a  resolution  limit  for  incoherent 
illumination  and  lens  aberration  alone  [24].  His 
analysis  stated  first,  as  was  by  then  already  known 
[18-20],  that  all  electron  lenses  exhibit  spherical 
aberration  caused  by  those  electrons  passing 
through  the  edge  of  the  lens  that  cannot  be 
focused  at  the  Gaussian  plane  and  hence  do  not 
contribute  to  the  resolution;  rather,  the  spherical 
aberration  does.  Second,  contrary  to  the  assump¬ 
tion  that  contrast  derived  from  absorption  of 
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electrons  in  the  self-luminous  sample.  Scherzer 
maintained  that  only  a  small  fraction  of  electrons 
is  actually  absorbed;  contrast  is  caused  mainly  by 
the  pha.se  delay  of  the  electrons  pa.ssing  through 
the  sample.  Third,  Scherzer  concluded  that,  be¬ 
cause  of  the  low  scattering  angles,  the  electrons 
that  form  the  image  do  not  fill  the  objective 
aperture,  so  the  resolution  power  is  not  affected 
by  the  size  of  the  aperture. 

Introducing  the  spherical  aberration  and  all 
the  defocusing  corrections  of  the  lens  an  addi¬ 
tional  phase  shift  is  introduced  into  every 

diffracted  beam  at  the  back  focal  plane  of  the 
objective  lens: 

A 

x{u^v)  =  ~(C^AY-2Af\^q^).  (12) 

In  this  contrast  transfer  function  (CTF)  q  is  the 
reciprocal  lattice  vector  (components  u  and  /•) 
and  A/  is  the  total  value  of  defocusing  errors. 
This  complex  function  is  added  to  the  phase 
function  that  is  formed  at  the  diffraction  plane 
[24],  For  bright-field  (BF)  imaging,  only  the  sin  a- 
is  involved;  therefore,  only  in  tho.se  reflections 
whose  q  vectors  give  a  value  of  unity  for  sin  ^ 
will  the  information  be  faithfully  transferred  to 
the  image.  The  behavior  of  sin  x  (or  q  values 
greater  than  this  cut-off  value  oscillates  consider¬ 
ably  and  therefore  does  not  contribute  to  the 
re.solution.  The  cut-off  value  is  found  by  taking 

d^/d0  =  O  at;^=-3T7/4,  (13) 

which  corresponds  to  a  defocus  value  of  the  ob¬ 
jective  lens  as: 

A/=  -1.22(C,A)'/^  (14) 

The  value  for  q,  i.e.,  the  resolution  8,  is  found  by 
inserting  these  values  in  eq.  (12)  and  eq.  (11)  is 
again  achieved;  it  gives  the  same  dependence  on 
C.,  and  A  in  the  ideal  case  of  complete  transfer  of 
the  information,  i.e.,  ;^(w,  r)  =  1. 

In  reality,  it  is  not  possible  to  achieve  the  value 
of  In  most  cases  the  samples  are  treated  as 
weak  phase  objects,  i.e.,  only  the  periodic  poten¬ 
tial  field  of  the  sample  is  considered  and  no 
absorption  is  allowed  (correct  for  very  thin  sam¬ 
ples,  <5  nm,  with  low  atomic  weight)  [25],  In 


Fig.  4.  High  resolution  transmission  electron  microscopy  im¬ 
age  of  aragonite  (orthorhombic)  lattice  in  the  [001]  direction. 
Image  clearly  reveals  structural  dislocations  in  the  image  that 
has  a  reverse  contrast  (i.e.,  atomic  columns  are  bright). 

practical  cases,  beam  divergence,  cr,  chromatic 
aberration,  Q,  and  aperture  functions  (convolu¬ 
tions)  are  also  added  to  the  transfer  function 
which,  in  effect,  causes  a  dumping  of  the  CTF, 
making  it  impossible  to  observe  higher  periodici¬ 
ties  (or  higher  frequencies  of  q)  in  the  imarre 
[26.27], 

An  example  of  the  current  limit  of  resolution 
is  illustrated  in  fig.  4,  which  was  recorded  from  a 
biological  aragonite  (nacre  section  of  red 
abalone).  The  image  shows  the  organization  of 
atomic  columns  around  dislocation  cores  in  the 
[001]  projection  of  the  lattice  with  the  objective 
lens  defocus  set  such  that  the  atoms  appear  briaht 
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(reverse  contrast).  The  thickness  of  the  sampled 
area  is  estimated  to  be  about  10  nm  and  the 

o 

resolution  of  the  microscope  to  be  about  1.6  A  (at 
400  kV  and  C,  =  1.0  mm). 


3.  Microscopy  using  probes 

Using  the  imaging  methods  discussed  above  in 
both  light-optical  (LOM)  and  transmission  elec¬ 
tron  microscopy  (TEM),  the  sample  is  illuminated 
by  the  light  or  electron  source  and  a  large  area  of 
the  sample  is  imaged  at  once.  It  is  also  possible  to 
image  the  sample  with  a  small  probe  that  scans 
only  a  small  portion  of  the  image  area;  the  ob¬ 
server  records  the  intensity  of  one  image  point  at 
a  time  as  the  probe  scans  the  sample  to  obtain 
the  overall  image  of  the  area  of  interest.  With 
this  method  the  smaller  the  area  scanned,  the 
higher  will  be  the  magnification  of  the  final  im¬ 
age.  In  all  the  scanning  microscopy  systems,  the 
resolution  depends  on  the  effective  size  of  the 
probe,  which  includes  the  original  size  of  the 
probe  modified  by  the  aberrations  of  the  lenses 
(used  to  form  the  probe)  and  the  modifications 
that  arise  from  sample-probe  interactions. 

3. 1.  Scanning  electron  microscopy 

The  idea  of  forming  a  focused  electron  probe 
and  using  the  secondary  emission  to  image  sur¬ 
face  topography  of  materials  was  first  realized  by 
Zworykin  et  al.  [28].  The  formation  of  the  image 
in  a  scanning  electron  microscope  (SEM)  is 
schematically  described  in  fig.  5.  By  the  focusing 
action  of  a  strong  convergent  lens,  an  electron 
probe  is  formed  and  scanned  over  the  surface  of 
a  thick  sample  (not  electron  transparent).  Sec¬ 
ondary  electrons  produced  are  then  collected  by 
a  detector  connected  to  a  scintillator  so  that  the 
resulting  photocurrent  is  amplified  and  recorded 
with  respect  to  position  of  the  probe,  thereby 
forming  the  scanned  image  of  the  surface.  SEMs 
did  not,  however,  come  into  widespread  use  until 
Everhart  and  Thornley  designed  a  new  detector 
to  increase  the  signal-to-noise  ratio  [29]. 

The  resolution  in  SEM,  in  the  simplest  terms, 
is  related  to  the  size  of  the  electron  probe  that 


Fig.  5.  Schematic  illustration  of  SEM  (configuration  ABCD, 
with  thick  sample)  and  STEM  (ABCDj  with  electron-trans- 
parent  sample).  A  is  electron  source,  B  probe  forming  lens,  C 
is  a  sample,  D,  is  an  SEM  detector  that  collects  secondary 
electrons  ,(SE)  and  D2  is  a  STEM  detector  that  collects 
transmitted  electrons  (TE). 


contains  a  sufficient  amount  of  current,  which,  to 
a  certain  extent,  is  dictated  by  the  spherical  and 
chromatic  aberrations  as  well  as  the  diffraction 
limitation  [30].  Resolution  in  SEM,  however,  is 
deteriorated  by  the  interaction  of  the  probe  with 
the  sample,  and  the  subsequent  beam  spreading. 
This  limitation  becomes  more  significant  at  high 
emission  voltages  (20-30  kV)  which  are  necessary 
to  obtain  sufficient  brightness  in  conventional 
electron  sources.  The  use  of  high-brightness  field 
emission  sources  in  SEM  allows  the  use  of  lower 
voltages  (1-5  kV)  providing  the  currently  achiev¬ 
able  resolution  values  smaller  than  1  nm  [31]. 

3.2.  Scanning  transmission  electron  microscopy 

In  the  scanning  transmission  electron  mi¬ 
croscopy  (STEM)  mode,  similar  to  SEM,  imaging 
is  accomplished  by  scanning  a  small  electron 
probe,  which  is  formed  by  a  strong  condensor 
lens,  over  a  thin  sample  (fig.  5).  This  was  first 
realized  by  von  Ardenne  in  1938  [32].  Both  the 
bright  field  (BF)  and  dark  field  (DF)  images  are 
produced  by  using  detectors  placed  at  appropri¬ 
ate  positions  along  the  optic  axis  [33-36].  STEM 
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imaging  may  be  performed  either  as  an  attach¬ 
ment  to  a  conventional  TEM  instrument  or  as  an 
independent  dedicated  instrument. 

In  the  case  of  dedicated  STEMs,  most  of  which 
use  field  emission  sources  with  sufficient  current, 
the  point  resolution,  to  a  first  approximation,  may 
be  taken  as  the  full-width  at  half-maximum  of  the 
probe  or  its  diameter  to  the  first  zero  in  the 
modified  Airy  disk  [33-36],  In  the  DF  mode,  for 
example,  a  single  heavy  atom  or  cluster  of  atoms 
suspended  on  a  thin  amorphous  film  can  be  im¬ 
aged. 

Another  definition  of  resolution  in  STEM 
would  be  the  degree  to  which  it  can  resolve 
lattice  images,  similar  to  high-resolution  TEM 
imaging.  In  the  case  of  annular  DF  imaging,  for 
example,  the  signal  is  a  convolution  of  specimen 
object  function  with  a  point  spread  function  and 
includes  the  diameter  of  the  probe  modified  by 
lens  aberrations  and  diffraction  [33,35].  In  con¬ 
trast  to  TEM  atomic-resolution  imaging,  the  dark 
spots  that  represent  atomic  columns  in  this  case 
do  not  change  significantly  in  either  intensity  or 
position  with  respect  to  thickness  and  defocus  of 
the  objective  lens.  With  a  sufficiently  small  ( ~  2  A 
diameter)  and  highly  coherent  electron  probe, 
atomic-resolution  images  obtained  by  this  tech¬ 
nique  in  zone-axis  orientations  have  been  demon¬ 
strated  to  display  atomic-number  contrast,  and 
hence  the  ability  to  distinguish  compositional 
fluctuations  at  the  atomic  resolution,  because  of 
the  differences  in  the  scattering  powers  of  differ¬ 
ent  atomic  species  constituting  the  sample  [37,38]. 

3.3.  Near- field  light-optical  microscopy 

In  the  above  analysis  of  an  image  formed  by 
incoherent  radiation  (using  illumination  and  im¬ 
age-forming  lenses  and  an  aperture  of  known 
convergence  angle),  the  resolution,  defined  by  the 
size  of  the  first  minimum  in  the  modulation  trans¬ 
fer  function,  is  limited  by  the  convolution  of  the 
aperture  function  (diffraction)  with  the  image  de¬ 
tail  and  the  wavelength  of  the  radiation  [39,40]. 
In  the  case  of  near-field  optical  microscopy,  on 
the  other  hand,  a  focusing  lens  is  not  used;  in¬ 
stead  the  light  wave  is  confined  to  a  pipe  with  an 
exit  aperture  radius  less  than  the  wavelength  of 


radiation  used  [41].  The  sample  is  placed  at  the 
near  field,  i.e.,  at  a  distance  less  than  the  diame¬ 
ter  of  the  aperture.  The  size  of  the  probe  that 
illuminates  the  sample  is  a  geometrical  projection 
of  the  aperture  and  not  its  Fourier  transform,  in 
contrast  to  far-field  techniques,  and  diffraction 
from  the  aperture,  therefore,  is  not  allowed.  Thus, 
Abbe’s  diffraction-limited  resolution  restriction 
does  not  apply.  Based  on  a  similar  definition  of 
resolution,  the  first  minimum  in  the  near-field 
modulation  transfer  function  is  given  by  [42]; 

d  =  0.6l/R,  (15) 

so,  in  this  optical  system  resolution  is  not  limited 
by  the  wavelength  of  radiation.  Instead,  high  spa¬ 
tial  frequencies  of  the  sample  can  be  imaged, 
limited  only  by  the  size  of  the  illuminating/imag¬ 
ing  aperture  size  and  the  material  of  which  it  is 
made  (opacity).  This  pushes  the  limits  of  resolu¬ 
tion  in  light-optical  imaging  to  sub-100  nm  (or 
smaller)  dimensions,  demonstrated  experimen¬ 
tally,  and  to  sub-10  nm  levels,  predicted  theoreti¬ 
cally  [42]. 

3.4.  X-ray  microscopy 

Since  Rontgen  scientists  dreamed  of  increas¬ 
ing  the  resolution  in  the  image  beyond  the  limits 
of  visible  light-optical  microscopy  by  using  the 
shorter  wavelengths  of  X-rays  [43,44].  X-rays  have 
additional  advantages  over  electrons  because  of 
their  potential  use  for  studying  materials,  biologi¬ 
cal  materials  in  particular,  in  their  natural  wet  or 
dry  states  under  special  atmospheres  (wet  or 
gaseous).  X-rays,  however,  can  neither  be  re¬ 
flected  nor  refracted,  making  focusing  very'  diffi¬ 
cult.  So  magnified  imaging  has,  for  a  long  time, 
been  impossible.  From  the  beginning,  though,  in 
addition  to  their  use  in  well  known  X-ray  diffrac¬ 
tion  studies  for  crystallographic  analysis.  X-rays 
have  been  used  to  image  structures  of  materials 
as  maps  of  density  distributions  in  contact  mi¬ 
croscopy.  It  was  not  until  recently  that  scientists 
were  able  to  focus  X-rays  to  obtain  magnified 
images  with  resolution  down  to  500  A  levels.  In 
imaging  or  scanning  X-ray  microscopes,  the  fo¬ 
cusing  of  the  X-rays  is  accomplished  by  using 
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Fig.  6.  Schematic  illustration  of  an  XRM  (adapted  from  ref. 
[46]). 


Fresnel  zone  plates  [45,46].  These  plates  are  con¬ 
centric  circular  gratings  that  consist  of  transpar¬ 
ent  and  opaque  rings  whose  spacing  diminishes 
with  distance  from  the  center.  This  allows  the 
X-ray  waves  to  be  diffracted  as  they  pass  through 
the  transparent  rings  and  are  focused  to  a  com¬ 
mon  point  (fig.  6)  [46].  In  this  sense,  the  zone 
plates  are  analogous  to  glass  lenses  in  light-opti¬ 
cal  microscopy  and  magnetic  lenses  in  electron 
microscopy.  In  order  to  reduce  radiation  damage, 
soft  X-rays  (20-40  A  wavelength)  can  be  used  as 
the  sample  is  scanned  by  the  X-ray  probe;  the 
image  is  created  one  picture  element  at  a  time, 
significantly  reducing  the  exposure  of  the  sample 
to  the  beam,  as  in  STEM  [46].  The  best  resolu¬ 
tion  depends  largely  on  the  finest  zone  spacing 
(now  about  several  hundred  A)  but  is  still  limited 
to  diffraction  aberration  from  the  rings  [47]. 

3.5.  Field- ion  microscopy 

The  formation  of  an  image  in  the  field-ion 
microscope  (FIM)  is  based  on  the  tunneling  prin¬ 
ciple  and  does  not  require  an  image-forming  lens. 
This  instrument  is  schematically  illustrated  in  fig. 
7,  and  the  image  formation  takes  place  as  follows. 
As  an  imaging  gas-He  for  example-is  ionized  (at 
10“^  Torr)  near  the  positively  charged,  cryogeni- 
cally  cooled  tip  of  a  specimen  at  a  certain  voltage, 
ions  are  accelerated  radially  onto  a  channel 
plate/fluorescent  screen  assembly  to  form  an  im¬ 
age,  which  is  magnified  as  a  projection  of  the  tip. 
The  mechanism  by  which  the  imaging  gas  is  ion¬ 
ized  is  known  as  field  ionization  and  is  based  on 
the  electron  tunneling  process  [48].  At  the  atomic 
protrusions  on  the  tip,  local  field  strength  is 
raised,  preferentially  ionizing  atoms  at  these  posi¬ 
tions,  and  corresponding  bright  spots  form  on  the 


chftnnd 

field  screen 


Fig.  7.  Schematic  cross-section  of  FIM/AP  instrument.  AP 
analyzer  is  fitted  to  the  plate  beyond  the  screen.  Inset  illus¬ 
trates  the  ion  evaporation  at  the  tip  of  the  sample. 


image.  The  visible  image  formed  on  the  screen  is 
a  projection  of  the  tip  of  the  sample  and  roughly 
resembles  the  stereographic  projection  of  the 
crystalline  sample  in  the  direction  of  the  speci¬ 
men  axis  [49-51].  The  magnification  on  the  screen 
is  determined  by  the  ratio  of  the  distance  be¬ 
tween  the  tip,  L,  and  the  screen  to  the  radius  of 
the  tip,  R-,  for  example,  for  =  5  nm  and  L  =  5 
cm,  M  =  10^  times.  When  the  tip  radius  is  less 
than  500  A  and  the  tip  is  kept  at  liquid  He 
temperature,  the  atomic  structure  of  a  conductive 
sample  becomes  resolvable.  An  FIM  image  con¬ 
sists  of  an  array  of  bright  spots,  each  of  which 
corresponds  to  an  atom.  The  atoms  are  lined  at 
the  periphery  of  concentric  terraces  centered 
around  crystallographic  axes  that  make  up  the  tip 
surface.  When  the  temperature  of  the  tip  is  low 
(  <  10  K)  and  imaging  gas  atoms  of  small  diame¬ 
ter  are  used  (e.g..  He),  then  a  resolution  as  small 
as  2  A  can  be  achieved  [52]. 

The  correlation  between  the  image  spots  on  an 
FIM  image  and  the  chemical  nature  of  the  corre¬ 
sponding  atoms  is  possible  with  a  time-of-flight 
spectrometer  that  is  attached  beyond  the  screen, 
an  arrangement  called  an  atom  probe  (AP)  ana¬ 
lyzer  [53,54].  The  ions  evaporated  from  the  tip  of 
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the  sample  are  allowed  to  pass  through  a  se¬ 
lected-area  aperture  (with  a  diameter  of  1  to  5 
nm)  placed  on  the  screen  and  analyzed  by  a  mass 
spectrometer.  The  lateral  spatial  resolution  of  the 
analyzed  ions  on  the  surface  of  the  sample  is 
roughly  equal  to  the  size  of  the  aperture  and 
dictates  the  lateral  resolution.  Since  the  ions  are 
stripped  off  the  sample  layer-by-layer  during  field 
evaporation,  the  depth  resolution  in  composi¬ 
tional  analysis  of  an  atom  probe  is  practically 
given  as  the  interplanar  spacing  along  the  axis  of 
the  sample.  This  resolution,  in  conjunction  with 
the  lateral  resolution,  is  the  highest  Of  any  spec¬ 
troscopy  technique  in  performing  compositional 
analysis  and  thus  makes  the  atom  probe  analyzer, 
although  restricted  mostly  to  conductive  samples, 
one  of  the  highly  valuable  instruments  in  materi¬ 
als  science  [55]. 

3.6.  Scanning  probe  microscopy 

In  a  scanning  probe  microscopy  system  (SPM) 
a  probe  tip  held  by  a  piezoelectric  cantilever  is 
scanned  above  the  sample.  Either  the  tunneling 
current  between  a  conductive  sample  and  the  tip 


(in  the  case  of  scanning  tunneling  microscopy, 
STM)  [56]  or  the  deflection  of  the  cantilever 
caused  by  the  forces  acting  between  the  sample 
and  the  tip  as  it  scans  above  the  sample  (in  the 
case  of  atomic  force  microscopy  (APM))  [57]  is 
measured  as  a  function  of  the  distance  travelled 
by  the  probe  in  the  x  and  y  directions.  Measure¬ 
ment  of  the  current  or  the  deflection  is  suffi¬ 
ciently  accurate  to  resolve  atomic  or  molecular 
corrugations  on  the  surface  of  the  sample.  This 
allows  topographical  analysis  of  the  sample  at  the 
atomic  resolution.  The  interaction  (i.e.,  the  tun¬ 
neling  current  or  the  atomic  force)  between  the 
probe  tip  and  the  sample  varies  exponentially 
with  the  distance  between  the  sample  and  the 
most  extreme  point  on  the  probe  tip;  in  the  STM, 
for  example,  the  atom  at  the  extreme  point  at  the 
tip  of  the  probe  allows  the  tunneling  current  to 
pass  through  (fig.  8). 

Spatial  confinement  of  the  tunneling  current 
into  a  small  cross-section  allows  the  STM  tech¬ 
nique  to  image  the  electron  cloud  on  the  surface 
of  the  sample  in  the  form  of  contours  around 
each  atom.  The  resolution  in  the  image,  which  is 
only  a  surface  or  subsurface  image,  is  defined 


Fig.  8.  A  schematic  illustration  of  the  principle  of  image  formation  in  STM. 
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Biological  hard  tissues  are  composite  materials  incorporating  both  the  inorganic  component 
(phosphates  and  carbonates)  and  organic  component  (macromolecular  structural  units 
including  proteins  and  polysacharides).  These  materials  have  excellent  physical  properties 
mainly  because  of  their  highly  ordered  structures  through  the  dimensional  scale  from  mol¬ 
ecular  to  submeter.  Biological  composites  are  a  source  of  inspiration  for  design  and  pro¬ 
cessing  of  synthetic  materials  based  on  both  their  structure  (biomimicking)  and  processing 
(biodup-lication).  In  this  paper ,  we  give  a  general  overview  of  some  biological  hard  and  stiff 
tissues  in  biomimetics  research.  Furthermore,  we  specifically  discuss  mechanical  properties 
of  nacre  section  of  mollusk  shells  which  is  a  composite  structure  consisting  ofCaCOs  plate¬ 
lets  surrounded  by  an  organic  matrix,  an  ideal  nanolaminated  composite  material.  The 
current  understanding  of  micro-  and  nanostructures  ofCaCOs  and  the  organic  matrix, 
crystallographic  relationship  between  them,  and  finally,  the  morphology  and  shape  formation 
of  the  shell  are  discussed. 

\ 

1.0  INTRODUCTION 

1.1  NANOCOMPOSITE  MATERIALS 

r 

Technological  materials  are  rarely  used  in  their  "pure"  or  "perfect"  forms  since  their  physical 
and  chemical  properties  depend  primarily  on  their  microstructures.  1  The  object  in  designing 
and  processing  materials,  therefore,  is  to  tailor  their  properties  for  specific  application(s) 
through  structural  control.  In  practice,  however,  this  control  is  generally  Umited  to  a  spe¬ 
cific  length  scale:  for  example,  lattice  structure,  impurities  and  defects  at  the  atomic  scale; 
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interface  structure,  precipitates,  and  second  phase  particles  at  the  nanometer  scale;  grain 
structure,  size,  and  shape  at  the  micrometer  scale;  and  finally  overall  architecture  of  the 
sample  at  the  macro  scale.  A  classic  example  of  a  composite  material  system  is  Fe-C  steel,  in 
which  equilibrium  and  metastable  equilibrium  microstructures  can  be  produced  through  rela¬ 
tively  simple  thermal  and  thermo-mechanical  treatments.  Countless  different  steels  have 
been  produced  since  the  eighteenth-century  Industrial  Revolution,  and  many  are  still  in  use 
today  (in  fact,  tough  and  strong  steels  were  produced  for  thousands  of  years  earlier  as 
materials  for  armor,  for  example  Damascus  and  samurai  swords,  and  simple  instruments).^ 

Recently,  materials  scientists  have  discovered  that  materials  with  controlled  structural 
variations  at  the  nanometer  scale  (i.e.,  size  range  from  1  to  100  nm,  hence  the  name 
nanocrystalline  or  mesoscopic)^  exhibit  unprecedented  physical  properties,  including  optical, 
electronic,  magnetic,  and  elastic  characteristics.  Fundamental  reasons  for  property 
improvements,  however,  are  not  well  understood.  Nanocrystalline  materials  are  somewhat  a 
natural  extension  of  extensive  work  and  progress  that  took  place  throughout  this  century, 
especially  right  before  and  after  World  War  H,  based  on  the  understanding  of  the  structural 
effects  and  their  practical  uses  on  many  Fe-C^  and  A1  alloys,^  cemented  carbides,^  and 
superalloys.^  In  each  of  these  cases,  toughness  increases  associated  without  a  loss  of  strength 
and,  in  fact,  concurrent  with  a  hardness  increase.  This  is  because  of  controlled  precipitation 
of  nanometer-sized  metastable  precipitates  in  the  matrix  through  tempering.4-6  Recently,  for 
example,  in  laminated  single  or  multiphase  composites,  it  was  discovered  that  elastic 
modulus  (or  hardness)  of  the  material  increases  as  the  thickness  of  each  laminate  is  decreased 
to  below  10  nm,  the  so-called  supermodulus  effect.  8  High  temperature  superconductors, 
such  as  in  YBa2Cu307.x,  may  be  considered  laminated  composites  with  alternating  oxide  and 
metallic  layers  (Cu-O  and  Y  or  Ba)  within  a  dimension  of  little  more  than  one  nanometer.^ 

In  non-linear  optical  materials,  such  as  Lead  Zirconate  Titanate,!^  controlled  variation  of  the 
structure  at  the  nanometer  scale  changes  the  second-  and  third-order  parameters  and  creates 
non-linear  optical  effects  and  novel  electrical  properties.  ^  ^ 

Although  some  current  synthetic  techniques  can  achieve  controlled  composite  micro¬ 
structures  in  a  limited  extend,  it  is,  however,  still  difficult  to  produce  materials  structures 
with  desirable  interface  properties  and  with  a  high  degree  of  control  of  the  lattice  and  defect 
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structures  at  the  nanometer  scale,  in  practical  and  energy  efficient  ways  and  in  large 
quantities.  Some  of  these  problems  may  be  circumvented  and  certain  control  of  micro- 
structures  may  be  achieved,  for  example,  in  the  synthesis  of  semiconductive  multilayer 
quantum-well  structures,  such  as  Si-Ge  and  GaAs-GaAlAs.  In  this  case,  ion-  or  molecular- 
beam  techniques  are  used  to  control  structural  development  truly  at  the  atomic  scale.* 2, 13 
Even  here,  however,  the  size  of  the  material  produced  is  limited  and  the  processing  is 
performed  under  the  strictest  conditions  of  temperature,  pressure,  and  environment  As  a 
result  these  techniques  do  not  have  widespread  structural  application  except  in  areas  that 
require  small  and  critical  components.  Manufacturing  of  almost  all  large  technological 
materials  presents  more  difficulties.  First  high  temperature  processing  and  consequent 
energy  inefficiency  are  typical.  Second,  structural  design  is  usually  accomplished  at  a  single 
length  scale,  with  possible  full  control,  and  over  several  scales  in  synthesis,  with  limited 
control.  Third,  these  materials  are  processed  for  one  particular  property,  such  as  for  certain 
mechanical  properties,  or  electrical  or  optical  properties,  so  they  are  rarely  multifunctional 
for  more  than  two  properties.  Finally,  technological  materials  do  not  actively  respond  to 
external  stimuli  and  are  not  damage  tolerant*'***’  In  order  to  meet  the  demands  of  current 
and  future  technologies  for  materials  with  superior  physical  properties,  however,  materials 
scientists  will  need  more  practical  and  energy-efficient  strategies  for  producing  larger 
components  with  more  complex  shapes  for  multipurpose  uses. 

Materials  scientists  may  look  into  biological  systems  for  model  materials  strategies. 
Biological  systems  ^  a  rich  source  of  inspiration  for  design  and  processing  concepts  for 
developing  novel  synthetic  materials  where  structural  control  is  established  over  a  wide 
length  scale.  *8-22  Among  many  novel  features,  from  the  materials  scientistss  perspective, 
some  features  are  that  biological  materials  are  synthesized  at  room  temperature  under 
ambient  conditions  in  aqueous  environment;  their  structural  make-up  is  controlled  at  a 
continuous  length  scale  from  molecule  to  final  tissue  in  a  hierarchical  manner;  and  they  are 
multifunctional  and  self-healing.  The  approach  used  by  organisms  in  processing  materials  is, 
in  many  ways,  more  controlled  than  synthetic  methods  because  biological  materials  are 
dynamic  systems.23  in  the  formation  of  biological  materials,  organisms  efficiently  design 
and  produce  complex  and  hierarchical  microstructures,  with  unique  properties  at  spatial 
dimensions,  from  the  molecular  to  the  centimeter  level,  and  with  great  structural  control.^*- 
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The  dynamics  of  these  systems  allow  the  collection  and  transport  of  the  raw 
constituents; self-assembly ,26  nucleation,  configuration,  and  growth  of  new 
structures;22,28  ^nd  the  repair  and  replacement  of  old  or  damaged  components.29 

We  divide  design  approaches  based  on  biological  systems  into  two  categories  (Figure  i).30 
First,  by  investigating  the  structures  of  biomaterials  at  all  possible  scales  of  spatial  resolution, 
the  fundamentals  of  their  unique  structural  designs  can  be  deduced  and  then  mimicked  by 
techniques  currently  available  to  materials  scientists  -  an  approach  we  refer  to  as 
biomimicking.  Second,  by  mastering  the  molecular  synthesis  and  processing  mechanisms  of 
biomaterials  and  these  hitherto  unknown  methodologies  may  be  applied  to  produce  new 
technological  materials,  superior  to  those  presently  available  -  an  approach  we  call 
bioduplication.  The  bioduplication  approach  is  much  more  complex  than  biomimicking  and 
will  require  a  long-term  commitment  (probably  decades  of  research),  not  only  to  learn  the 
intricacies  of  bioprocessing  used  by  organisms  but  also  to  develop  new  strategies  to  process 
materials  synthetically  from  the  molecular  level  up  with  the  same  size,  shape,  complexity, 
and  multifunctionality  as  the  biocomposites.  The  biomimicking  approach,  although  by  no 
means  simple,  will  require  a  shorter  time  commitment  (ten  years  of  research  or  less). 
Biomimicking  involves  exploring  the  structures  of  biomaterials,  which  are  often  hierarchical 
with  each  level  having  its  own  unique  function,  correlating  these  multifunctional  properties 
with  the  specific  microstructural  features.  Although  the  research  in  the  authors’  groups  is 
directed  toward  both  categories,  to  meet  the  objectives  of  this  book,  this  chapter  focuses  on 
the  biomimicking  approach. 

In  this  paper,  we  describe  some  of  our  findings  on  structural  design  of  the  nacre  of  abalone 
shell  and  answer  several  questions  about  this  unique,  but  relatively  simple,  microstructure.  In 
particular,  we  focus  on  the  organization  of  the  inorganic  component,  its  possible  structural 
relation  to  the  organic  matrix,  and  the  growth  mechanism  of  the  shell.  Before  describing 
detailed  microstructure  of  nacre,  certain  unique  aspects  of  some  of  the  other  biological 
composites  will  be  discussed.  We  intend  to  set  the  stage  and  justify  further  and  detailed 
investigation  of  these  unique  composites.  Our  goal  is  to  obtain  lessons  and  design  guidelines 
for  synthesis  of  future  technological  materials  via  biomimetics  which,  to  us,  is  a  natural 
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Figure  1  -  Schematic  description  of  methods  of  materials  design  based  on  biomimetics. 

extension  of  the  materials  revolution  that  is  taking  place  today  and  is  expected  to  continue 
well  into  the  next  century. 

1.2  AN  OVERVIEW  OF  MICRO-  AND  NANO-STRUCTURAL  DESIGN  IN 
BIOLOGICAL  HARD  TISSUES 

Biological  materials  of  materials  science  and  engineering  interest  are  mostly  hard  and  stiff 
tissues  and  small  particles.  With  respect  to  hard  and  stiff  tissues,  the  structure  is  composed  of 
an  organic  matrix  (mostly  proteins  and  polysacharides)  with  the  inorganic  phase  interspersed 
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throughout.  The  formation,  morphological  development,  and  crystallography  of  the 
inorganic  particles  are  assumed  to  be  controlled  by  the  organic  matrix,  a  hypothesis  which 
has  not  been  undisputably  established.^^*^^  In  the  case  of  stiff  tissues,  such  as  insect 
cuticles,32  all  the  components  of  the  composite  are  organic  macromolecules  in  which  the 
matrix  is  usually  composed  of  proteins.  The  stiffness  comes  from  fibrillar  polysaccharides, 
such  as  collagen  and  chitin,  organized  at  the  nano-,  submicro-,  micro-  or  higher-scales.^^ 
Some  lower  organisms,  such  as  bacteria  and  alga,  produce  fine  inorganic  particles  with 
unique  physical  properties.^^  As  listed  in  Table-I  with  their  corresponding  properties, 
biological  composite  materials  include  all  organic  components,  such  as  spiders'  webs,35 
mucus,36  and  insect  cuticles;32,33  inorganic-organic  composites,  including  seashells,^! 
teeth,42  and  bones'^3;  niostly  ceramic  composites,  such  as  sea  urchin  teeth44  and  spines;'^^ 
and  inorganic  materials,  ultrafine  particles,  such  as  magnetic  34.46  ^nd  semiconducting47 
particles  produced  by  bacteria  and  algae,  respectively.  In  some  cases,  byproducts  and 
enzymes,48  proteins.  and  other  macromolecules  -50  have  chemical  or  physical  properties 
superior  to  their  synthetic  counterparts. 

Small  inorganic  particles  of  biological  origin  offer  analogies  with  synthetic  nanoparticles 
and  mesoscopic  systems.51  There  are  many  organisms  that  produce  ultrafine  inorganic 
particles  that  perform  various  functions.34  One  notable  example  of  this  is  iron  clusters  that 
form  at  the  center  of  ferritin  molecular  cages  (or  vesicles)  in  organisms.52  In  some  cases, 
metal  clusters  are  accumulated  as  foreign  entities  that  might  otherwise  be  harmful  to  the  host 
organism,  such  as  CdS  in  algae  (which,  however,  have  excellent  optical  properties).'^^ 
Another  example,  as  discussed  above,  is  ultrafine  magnetic  particles  that  are  found  in 
bacteria. 34,46, 53,54  gome  species  of  bacteria  that  live  anaerobically  in  freshwater  and  salt 
swamps  move  about  to  seek  oxygen  and  food  by  a  mechanism  that  make  use  of  a  string  of 
magnetic  particles  (Fe304  or  Fe3S4)  as  a  compass.^^  Aquaspirillim  magnetotacticum,^^ 
for  example,  each  bacterium  has  about  20-25  particles  that  are  oriented  along  a  string  with 
their  magnetization  axis  along  the  long  axis  of  the  bacterium  (Figure  2).  Bacteria  can  move 
either  forward  or  backward,  depending  on  their  configuration  with  respect  to  the  Earth's 
magnetic  field.  In  terms  of  biomimetic  applications,  some  of  the  significant  materials 
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Table-I:  Categorization  of  various  biological  composites,  their  micro-/hano-design,  and  physical 
properties 


material/ 

composite 

example 

micro- or 
nano-level 

properties 

small  particles 

bacterial 

N 

magnetic 

ceramic/ceramic 

algal 

N 

electronic. 

optical 

sea-urchin 

B 

mechanical 
(wear  resistant) 

ceramic^lymer 

moUusk 

N.H 

mechanical, 

(tough,  strong) 
ferroelastic 

bone 

M 

m 

dentin 

M 

m 

polymer/polymer 

N.H 

mechanical, 

ferroelastic, 

optical 

laminated 

cuticle 

N,H 

mechanical, 

optical 

fiber/matrix 

tendon 

N.H 

mechanical, 

ferroelastic 

fiber/fiber 

silk 

N 

mechanical  (tensile  props.) 

liquid  crystalline 
/matrix 

mocus 

N 

rheological 

N:  nano,  M;  micro,  B:  both  M  and  N,  H;  hierarchical 


characteristics  of  these  particles  are:  (i)  they  are  single  crystalline  (no  lattice  defects,  such  as 
dislocations,  twins,  or  stacking  faults),54,56,57  (jj)  a  uniform  particle  size  of  about 

500-600  A,  and,  thus,  are  in  the  single  domain  region  (superparamagnctic),55.58  (yj)  particle 
shape  is  species  specific,  and  can  be  dodecahedral,  cubo-octahedral  or  hexagonal,56  (iv)  they 
are  aligned  as  a  single  string  of  particles  (and  occasionally,  as  double  strings)54,59  (y)  they 
form  in  biological  sacks,  called  magnetosomes.54  In  S-rich  regions,  some  species  are  known 
to  form  isomorphic  form  of  magnetite,  i.e.  Fe3S4.^ 


0 


snow 


- •t^  V*  xiii^  panicles. 
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agglomerated  state  which  imposes  problems  in  processing.63  p^ocessL  of  sill 
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organiLon  lT“*  and  its  protein 

gamzauon,  therefore,  are  important  for  understanding  transport  of  ions  through  the 

membrane  and  the  early  stages  of  formation  of  particles.  Cureent  knowledge  of  the 
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membrane  demonstrates  that  it  is  a  bilayer  and  is  likely  to  contain  proteins  that  are  found  in 
the  outer  membrane  of  the  bacteria.^  Other  questions  involve  details  of  the  early  stage  of 
formation  of  particles  (amorphous  or  crystalline  and,  possibly,  in  the  hydrated  form), 
selection  of  their  chemistry  (Fe304  vs  Fe3S4),  the  control  of  their  growth,  and  finally,  factors 
that  affect  particle  morphology,  as  discussed  by  Frankel  and  Bazylinsky  in  this  book  ^5 

While  only  a  small  particle  may  be  wholly  inorganic  in  bacterial  magnetite,  in  some 
organisms,  such  as  echinoderms^*^’^^  skeletal  components  display  unique  composite 
microstructures  also  involving  mostly  inorganic  phases.  It  is  assumed  in  biocomposites,  such 
as  sea  shells  and  bones,  that  an  organic  phase  is  usually  associated  with  an  inorganic  phase  in 
an  easily  recognizable  way,  with  each  phase  in  close  proximity  to  the  other.20.21  Xn  sea 
urchin  skeletal  units,  however,  inorganic  phase(s)  appears  to  be  present  alone  and  constitutes 
the  overall  component  of  the  skeleton.  (In  these  systems,  organic  matrix  may  cover  the 
overall  skeletal  unit  as  a  sheath  (teeth)  that  may  control  the  growth,  or  may  be  present  within 
holes  of  the  spongy-structured  inorganic  phase  (spine)  and  which  is  dissolved  during  sample 
preparation  for  observation.)  These  biocomposites,  therefore,  also  provide  potential  examples 
in  biomimetic  applications  for  ceramicAceramic  composites.  In  the  body  and  the  spine  of 
sea-urchin  [Figure  3(a)],  the  mineral  is  calcitic  single  crystal  forming  intricate  architectural 
design.68  The  most  interesting  among  the  structural  composites  in  sea  urchin,  however,  is  its 
teeth.69  it  has  five  pieces  in  the  lower  center  of  the  body  that  the  organism  uses  to  scrape  its 
food  from  the  surface  of  rocks.  A  cross-section  at  the  cutting  edge  of  a  tooth  is  composed  of 
a  matrix  of  amorphous  CaC03  with  crystalline  calcitic  GaCX)3  fibers  embedded  in  it  with 
their  long  axes  perpendicular  to  the  cutting  surface  as  to  increase  the  wear  resistance^9,70  of 
the  tooth  [Figure  3(b)].  Irrespective  of  sea  urchin  teeth,  this  design  has  been  in  use  in 
synthetic  fiber-reinforced  composites.^  ^ 

Recent  studies  reported  that  organic  macromolecules  may  be  occluded  within  certain  sea 
urchin  skeletal  units.^2  >yith  respect  to  biomimetics,  the  major  questions  involve  the 
presence,  types,  and  spatial  distribution  of  organic  macromolecules  that  constitute  less  than  1 
vol.  %  of  the  stmeture.  If  there  exist  occluded  proteins,  or  their  fractions,  then  these  hard 
tissues  may  be  regarded  as  molecular  composites,  i.e.,  analog  of  nanocomposites.^ 
Investigation  of  sea-urchin  at  high  spatial  resolution  (in  imaging)  and  elemental  resolution  (in 
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Figure  3  -  SEM  images  of  a  sea-urchin  (a-b)  spine,  showing  its  intricate  structure,  and  (c)  tooth, 
displaying  its  composite  structure  consisting  of  calcite  fibers  embedded  in  an  amorphous  CaC03 
matrix. 
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spectroscopy),  therefore,  is  expected  to  provide  better  insights  into  the  understanding  of  these 
unique  structures  and  new  lessons  for  biomimetics. 

Organic/Organic  Biological  Composites  constitute  numerous  stiff  biological  tissues, 
composites  of  fibrous  organic  components  embedded  in  a  soft  organic  matrix,  that  are 
analogs  of  fiber-  or  particle-reinforced  polymeric  composites.^  ^  Tendon,38,72  which 
connects  muscle  and  bone,  is  a  classic  example.  It  has  six  discrete  levels  of  structures 
organized  in  a  hierarchical  manner  from  molecular  to  centimeter-scale.  Silk,  found  in 
cocoons  of  silk  moths  and  webs  of  spiders,  is  another  structural  material.^^*^^*  These  unique 
structures  consist  of  silk  fibroin  proteins  (pleated  sheets)  organized  in  a  liquid  crystalline 
fashion  in  an  amorphous  protein  matrix.  These  are  designed,  by  the  organisms,  to  withstand 
stresses  much  higher  than  those  encountered  by  high  tensile  strength-metallic  or  polymeric 
fibers  (see  also  the  paper  by  Gosline  et  al.).^3ii 

One  of  the  major  classes  of  organic  biocomposites  is  cuticles. Arthropods,  such  as 
insects,  crustaceans,  spiders,  millipedes,  and  others,  are  evolutionarily  very  successful, 
probably  because  their  cuticles  cover  their  bodies  from  "head  to  foe."  The  cuticle,  therefore, 
is  the  skeleton,  for  example,  of  an  insect.  Its  structure  resembles  that  of  fiber-reinforced 
polymer  matrix;  the  fibers  are  chitin  (polysaccharides),  and  the  matrix  consists  mostly  of 
proteins.^^*^^  The  composite  has  a  sheet  structure  in  which  chitin  fibers  are  arranged  in 
layers.  In  each  layer,  the  fibers  arc  oriented  parallel  to  each  other.^^^^'^^  In  successive 
layers,  however,  there  is  a  rotation  of  these  parallel  fibers  only  a  few  degrees,  i.e.,  helicoidal 
(discussed  by  Gunderson  and  Schiavoni  in  this  book  and  references  thercin).^^  The  unique 
microstructure  of  the  insect  cuticle,  as  well  as  cuticles  of  other  classes,  may  serve  as  an 
example  for  the  design  of  composite  materials  in  which  all  the  components  are  polymers. 

Exoskeletons,  in  addition  to  serving  as  protective  "armor"  for  insects,  also  form  intricate 
surface  structures  which  give  optical  effects.  For  example,  in  butterfly  wings,  although  the 
origin  of  color  for  the  most  part  is  pigmentary,  nevertheless  some  colors  such  as  blues  and 
violets  come  from  scattering  of  light  from  highly  ordered  surface  structures.^^  The  structural 
details  on  surfaces  can  take  an  intricate  and  ordered  combination  of  layers,  scales,  and  ridges 
which  are  arranged  to  produce  optical  effects  through  the  interference  of  light.  Coloring 
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mechanical  properties  better  than  existing  ones  using  nanoscale  lamination  based  on  lessons 
from  biology.30>85 


The  major  component  of  nacre  is  CaC03,  a  material  with  limited  engineering  value  in  the 
bulk  form  for  structural  applications  (although  it  is  heavily  used  as  a  filler  in  the  powder 
form  in  cements,  papers,  paints,  and  plastics).®^  This  unique  structure  is  composed  of 
alternating  nanometer-scale  laminated  layers  of  thin  biomacromolecular  matrix  and  CaCO^ 
platelets,  all  highly  organized  to  produce  ah  excellent  multifunctional  material  (armor)  for 
the  organism.83-85  Some  of  the  other  known  facts  about  nacre  include: ^3-85, 87-89  (j)  the 
overall  shell  composite  is  more  than  95  vol%  inorganic  niaterial-CaC03  in  the  form  of 
aragonite;  (ii)  the  composite  has  a  brick  and  mortar  (Figure  4)  microarchitecturc  with 
aragonite  forming  thin,  hexagonally  shaped  multi-edged  bricks^O-^O  and  an  organic  matrix 
that  is  a  composite  of  proteins  and  polysaccharides;^  and  (iii)  the  inorganic  phase  consists  of 
crystallographically  highly  oriented  aragonitic  platelets.^*^  If  the  desired  synthetically 
laminated  materials  based  on  nacre  are  to  be  produced  through  biomimicking  and 
bioduplication,  further  knowledge  is  needed  about  this  unique  microstructure.  The  areas  of 
investigation  may  be  divided  into  several  categories:  (a)  micro-  and  nano-structural 
variations,  including:  (i)  lattice  and  interface  defect  structures  within  the  aragonitic  phase;  (ii) 
composition  and  structural  organization  of  the  organic  matrix;  (iii)  interface  structural  and 
compositional  relationship  between  aragonite  and  the  organic  matrix;  (b)  structure-property 
relationships,  including:  (i)  cooperative  and  separate  structural  responses  of  phases 
(aragonite,  organic  matrix,  and  interfaces)  under  various  mechanical  stresses,  (ii) 
toughening,  strengthening,  and  hardening  mechanisms,  (iii)  size,  lamination,  and 
organizational  effects  (nanocomposite  behavior  and  source(s)  of  multifunctionality);  (c) 
biomineralization,  including:  (i)  identification  of  the  active  units  within  the  organic  matrix 
(nucleator  proteins),  (ii)  mechanism  of  self-assembly  of  the  organic  macromolecules  (also  of 
constmction  of  framework  macromolecules),  and  (iii)  mechanisms  of  nucleation  and  growth; 
(d)  shape  formation  (morphogenesis)  including  (i)  hierarchy  in  structural  units,  and  (ii) 
growth  mechanism  of  the  shell  (based  on  geometry,  crystallography,  and  size);  (e) 
biomimicking,  including  (i)  detailed  structural  build-up  of  the  shell  fi'om  the  molecular  level 
to  macro-scale  and  (ii)  its  mimicry  through  novel  materials  processing  strategies; 
bioduplication,  including  (i)  separation,  purification,  compositional  (amino  acid)  and 
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Figure  4  -  A  cross-secUonal  image  of  nacre  (edge-on  configuration)  of  red  abalone.  The  inset  is  a 
schematic  three-dimensional  view  of  the  structure. 


k?--. 
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structural  identification  of  each  of  the  macromolecular  units  in  the  organic  matrix;  (ii) 
cloning,  reproduction,  and  self-assembly  of  structural  macromolecules,  and  (iii)  processing 
new  materials  by  using  these  macromolecules  based  on  both  biomineralization  and 
morphogenesis  principles.  Answers  to  these  questions  will  shed  more  light  not  only  the  basis 
for  nanocomposite  behavior  of  nacre  but  also  on  the  mechanisms  of  its  formation  and 
particularly  the  degree  of  control  that  the  organism  has  over  the  growth  of  this  highly  ordered 
biocomposite,  and  their  use  in  the  processing  of  future  biomimetic  materials. 

This  paper  discusses  the  areas  on  microstractural  aspects,  structure-property  relationships, 
and  biomimicking  of  nacre,  and  touches  upon  the  other  points,  in  particular  shape  formation. 
Although  discussed  in  our  earlier  papers,  for  completeness  of  this  book,  we  begin  with  a 
summary  analysis  of  the  mechanical  properties  of  nacre.  A  set  of  criteria  is  developed  for  the 
structural  design  of  synthetic  laminated  materials  using  the  principles  of  biomimetics.  This  is 
followed  by  a  description  of  the  current  understanding  of  the  stmcture  of  nacre  in  terms  of 
morphology,  composition,  and  crystallography.  Its  hierarchy  is  also  discussed  in  both  the 
hard  and  soft  tissues  that  leads  to  a  possible  stmctural  relationships  between  the  organic  and 
inorganic  components.  Finally,  an  assessment  is  made  of  current  knowledge,  with  possible 
directions,  for  future  studies.  It  is  believed  that  these  studies  will  lead  to  a  better 
understanding  of  the  biological  and  chemical  basis  of  the  formation  of  this  relatively  simple, 
but  highly  efficient,  structure.  Its  significance  as  a  model  system  will  appear  for  designing 
and  processing  nanolaminated  multifunctional  materials  for  current  and  future  engineering 
applications. 

2.0  MECHANICAL  PROPERTIES  OF  NACRE:  A  NANOLAMINATED 
CERAMIC-POLYMER  COMPOSITE 

Nacre  stmcture  is  found  in  many  families  of  mollusks,  including  abalone  (Haliotidae)  of  the 
gastropod  family,  cephalopods  such  as  nautilus  {Nautilus  pompilius),  bivalves  such  as  pearl 
oysters  {Pinctada) ,  and  blue  mussels  {Mytilus  edulis  Lw/ze).91-94  a  transverse  cross-section 
of  each  of  these  shells  display  two  types  of  microstmctures:  an  outer  prismatic  layer  (calcite) 
and  inner  nacreous  layer  (aragonite)  (Figure  7).  We  focused  our  work  on  the  stmcture  and 
properties  of  the  nacreous  layer  since  this  is  the  part  of  the  shell  that  displays  an  excellent 
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combination  of  mechanical  properties  as  a  result  of  its  highly  ordered  laminated  structure. 

We  mostly  used  red  abalone  (Haliotis  rufescens)  because  in  this  species  the  diameter  and 
thickness  of  the  shell  containing  the  nacre  are  large  enough  to  perform  standard  mechanical 
tests.^^  This  allows  a  direct  comparison  of  nacre  with  engineering  structural  ceramics  and 
ceramic-based  materials.  Black-lipped  pearl  oyster  (Pinctada  margaritifera)  shells  were  also 
used.  Although  relatively  thin  (1  to  5  mm),  these  shells  are  much  more  uniform  through  the 
thickness  and  relatively  flat,  and,  therefore,  exhibit  less  scatter  in  mechanical  tests. 

Red  abalone  samples  were  collected  in  Baja  California,  Mexico.  The  specimens  were 
estimated  to  be  10  to  12  years  old,  had  shell  diameters  of  25  to  30  cm,  and  shell  thickness  of 
about  1.5  cm,  including  the  prismatic  and  nacreous  layers.  Mechanical  properties  in  terms  of 
fracture  toughness  (Kj(3)  and  fracture  strength  (Sp)  in  three-point  straight  notched  and  four- 
point  bend  bars,  respectively,  were  evaluated  in  the  transverse  direction-perpendicular  to  the 
laminated  layers  through  which  a  crack  is  normally  expected  to  propagate  in  the  shell  of  the 
mollusk  in  its  natural  environment Fracture  toughness  and  fracture  strength  of  nacre  of 
both  abalone  and  pinctada,  and  those  of  some  of  the  well-known  ceramics  and  ceramic-based 
composites  (cermets)  are  plotted  in  Figure  5.  The  average  Kjc  and  Sp  values  of  nacre  are 
approximately  20-30  times  that  of  synthetically  produced  monolithic  CaCOs.^^’^^ 

The  investigation  on  crack  propagation  behavior  in  nacre^^'^S  reveals  that  there  is  a  high 
degree  of  tortuosity  not  seen  in  the  more  traditional  brittle  ceramics,  such  as  Al2C)3,  or  in 
high  toughness  ceramics,  such  as  in  fiber-reinforced  SiC^  and  particulate-reinforced  Zr02^^ 
composites.  The  surfaces  of  fractured  samples  indicate  that  a  major  crack  has  meander^ 
around  the  CaCOa  layers  resulting  in  a  rough  fractured  surface,  similar  to  that  seen  in  fiber- 
reinforced  ceramic  composites  where  a  pull-out  mechanism  operates.99  Examination  of 
micrographs  recorded  at  higher  magnifications  indicates  either  sliding  of  the  CaCOs  layers 
upon  organic  matrix,  suggesting  the  resolved  stresses  are  lateral  to  the  layers,  or  formation  of 
organic  ligaments  between  the  layers,  when  the  stresses  are  normal  to  the  layers  (Figure  6). 
The  latter  case,  stretching,  indicates  that  the  interface  between  the  organic  and  the  inorganic 
phases  is  strong  and  that  the  organic  phase  acts  as  a  strong  binder. 84,85  (This  "smart" 
behavior,  i.e.,  sliding  or  bridging,  of  the  macromolecular  assemblages  that  make  up  the 
composite  organic  matrix  under  different  modes  of  stresses  is  an  excellent  example  of  the 
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Specific  Flexural  Strength  [MPa/(g/cm^)] 

Figure  5  -  Mechanical  properties  of  nacre  of  abalone  and  pinctada  (pearl  oyster)  compared  to  some 
major  ceramic  and  cermet  materials. 


Fig,  6  -  SEM  images  recorded  near  an  indentation  performed  on  an  edge-on  configuration  in  nacre  of 
abalone.  Either  sliding  of  aragonite  platelets  (a)  or  ligament  formation  by  the  organic  phase  (b)  takes 
place  depending  on  the  resolved  applied  stress  Oongitudinal  and  transverse,  respectively).  Both 
mechanisms  are  responsible  for  the  high  toughness  of  the  nacre. 
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unique  quality  of  biological  materials  in  terms  of  their  structures  and  resulting  properties.) 
Several  toughening  mechanisms,  therefore,  may  be  proposed:  (i)  crack  blunting/ 

branching,  (ii)  microcrack  formation,  (iii)  plate  pull-out,  (iv)  crack  bridging  (ligament 
formation),  and  (v)  sliding  of  CaCOa  layers.  The  high  degree  of  tortuosity  s^n  in  crack 
propagation^^  ^lay  be  due  mainly  to  crack  blunting  and  branching.97,99  Tortuosity  alone, 
however,  is  not  a  major  toughening  mechanism  in  these  composites,  because  it  cannot 
account  for  the  many  orders  of  magnitude  increase  in  toughness.  The  major  toughening 
mechanisms,  therefore,  are  sliding  and  ligament  formation.^^  Similarities  exist  between  the 
deformation  of  a  nacreous  seashell30.85  and  a  metallO^  in  the  sliding  mechanism  in  terms  of 
forming  deformation  bands  in  the  bulk  that  appear  as  striations  on  the  surface.  It  is  likely 
that  this  complex  deformation  mode  may  be  the  main  mechanism  of  energy  absorption 
during  the  propagation  of  cracks,  which  needs  to  be  further  investigated  quantitatively  in 
terms  of  its  energetics. 

The  strength  of  nacre,  on  the  other  hand,  may  be  related  to  several  factors,  including  the  size 
and  structure  of  the  aragonite  platelets  and  the  interfaces  between  the  inorganic  and  the 
organic  components.  From  the  limited  thickness  of  the  largest  flaw  (i.e.,  the  thickness  of  the 
platelet)  0.5  mm,  the  increase  in  the  theoretical  fracture  strengthl02  of  aragonite  would  be 
about  200  MPa,  comparable  to  the  measured  value  of  185  -  220  MPa  in  our  studies.  85 
Therefore,  the  rule-of-mixturesl^^  ^lay  account,  at  least,  for  part  of  the  value  of  the 
measured  strength.83-85,100 

3.0  DESIGN  GUIDELINES  FOR  PROCESSING  BIOMIMETIC  LAMINATED 
COMPOSITES 

The  lamination  microarchitecture  of  presentday  impact  resistance  materials  originates  from 
ancient  armor.  104  Biological  structures,  such  as  those  in  insects,32  eggs,  105  and  sea  shells^l- 
94  also  have  similar  architecture,  but  at  much  smaller  dimensional  scale.  In  fact,  the  best 
armor  has  a  double-architectural  design  in  which  the  front  section  is  hard,  for  the  effective 
stopping  of  the  projectile,  and  the  back  section  is  soft  (but  strong)  for  the  absorption  and 
dissipation  of  the  kinetic  energy  from  the  projectile.  104  This  is  basically  analogous  to  the 
shell  of  abalone.  In  cross-section,  the  hard  front  consists  of  long  calcite  crystals  perpen- 
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bottom  (back) 


Figure  7  -  Schematic  illustration  of  the  cross-section  of  the  abalone  or  pinctada  shell,  an  ideal  armor  material 
with  hard  front  and  tough  back. 

dicular  to  the  shell  plane  (and  in  the  direction  of  the  projectile,  ready  to  confronting  it),  and 
the  back  is  tough  nacre  Oaminated  aragonite  and  organic  matrix)  as  schematically  illustrated 
in  Figure  7  (also  see  Figure  10).  In  ceramic/ceramic  composite  design,  on  the  other  hand, 
even  in  laminated  architecture,  weak  interfaces  are  a  necessary  condition  for  the  toughness 
increase,  with  a  sacrifice  in  the  expected  deterioration  of  the  overall  strength  of  the 
composite.  ^06,107  Contrary  to  the  accepted  materials  design  criteria  in  the  role  of  interfacial 
strength  in  synthetic  materials  (as  described  in  the  previous  section)  in  the  structural  design 
of  biological  materials  such  opposing  affects  are  circumvented  by  the  role  of  macromolecules 
due  to  their  composite  structures  and  resulting  multifunctionality.  Hence,  there  seems  to  be 
no  need  for  a  sacrifice  in  any  of  the  properties,  and  therefore,  both  the  toughness  and  the 
strength  of  the  biocomposite  increase,  as  seen  in  the  laminated  structure  of  nacre. 

The  unusual  mechanical  properties  of  nacre,  absent  in  synthetic  ceramics  and  composites, 
may,  therefore,  derive  from:  (i)  the  intrinsic  properties  of  the  constituent  phases  (brittle 
inorganic  phase  and  soft  organic  matrix);  (ii)  the  highly  ordered  organization  of  ceramic  and 
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biopolymer  layers  and  their  detailed  stmctures,  including  the  interface  structures  and 
properties;  and  (iii)  the  size  of  the  ceramic  and  biopolymer  layers  which  may  be  critical 
factors  due  to  the  intrinsic  properties  of  biogenic  aragonite  and  the  organic  matrix.  Despite 
the  fact  that  many  of  the  structural  features  of  abalone  remain  a  mystery  (especially  of  the 
soft  tissue),  we  can  distinguish  some  guidelines  using  the  knowledge  of  their  excellent 
mechanical  properties  and  structural  architecture  at  the  micro-  and  submicron  levels  to  aid  us 
in  the  processing  of  synthetic  microstructures  through  biomimicking.  We  expect  these 
biomimicked  synthetic  laminated  composites  to  have  superior  properties  over  those  achieved 
in  synthetic  composites  prepared  by  traditional  processing  methods  and  having  common 
microstructures.  Based  on  the  previous  studies  of  nacre, the  design  of  high- 
strength/high-toughness  synthetic  composites  should  incorporate  the  following: 

(i)  A  laminate  thickness  of  the  hard  and  brittle  component  of  less  than  1  mm  and  a  soft 
component  of  less  than  1000  A,  with  an  approximate  ratio  between  5:1  and  10:1 

(ii)  A  highly  plastic  soft  phase  (deformabUity  >  100%) 

(iii)  Strong  interfaces  between  the  soft  and  hard  phases  (so  that  the  interface  does  not  fail 
during  crack  propagation) 

(iv)  A  soft  phase  able  to  bind  to  the  surfaces  of  the  hard  component  (strong  interfacial 
bonding)  and  provide  plasticity  to  the  overall  composite  structure  (for  sliding  and 
metal-like  deformation  behavior)  or  form  ligaments  to  constrain  crack  opening 
(through  crack  bridging),  depending  on  the  state  of  resolved  applied  stress. 

In  actual  processing  of  laminated  composites,  these  guidelines  may  be  difficult  to  apply.  For 
example,  there  is  no  practical  current  way  to  produce  structural  laminates  with  layer 
thicknesses  thinner  than  about  10  mml08,109  (except  in  in-situ  laminates  formed  through 
phase  transformations  in  which  overall  architectural  design  is  somewhat  limited  due  to 
thermodynamics  or  kinetics  limitations).^  It  is  also  difficult,  if  not  impossible,  to  control  the 
thickness  ratio  of  the  hard  and  soft  components  at  these  small  dimensions.  The  guidelines 
stated  above,  nevertheless,  remain  useful  as  they  present  the  ultimate  structural  features  to 
achieve  and  it  is  a  goal  in  materials  design  at  submicron  and  nano-scale  levels.  In  the  design 
of  synthetic  laminates,  high  hardness  ceramics  such  as  BN,  B4C,  TiC,  Zr02,  and  AI2O3  can 
be  used  as  the  brittle  component.  Highly  plastic  (superplastic)  metals,  such  as  A1  and  Cu 
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(and  their  alloys),  or  organic  polymers,  such  as  polyethylene  and  polypropylene,  may  be 
good  candidates  for  the  soft  phases.  These  constituent  phases  which  give  the  best 
combination  of  properties,  with  emphasis  on  strong  interfaces,  can  be  used  if  they  can  be 
processed. 

Some  of  the  property  requirements  stated  above  were  met  to  a  certain  degree  in  the  B4C- 
All00,109  and  B4C-polymerl08  laminated  systems  designed  for  use  as  impact  resistant 
materials.  In  one  synthesis  strategy  for  processing  of  B4C-AI  composites,  porous  B4C  layers 
with  thicknesses  below  100  mm,  and  as  low  as  15  mm,  were  tape-cast  between  thin  sheets  of 
Al.  The  stacks  were  heated  to  induce  infiltration  and  to  allow  bonding  between  A1  and  B4C 
without  an  excessive  reaction.  The  resulting  composite  displays  a  stmcture  in  which  both  the 
Al-infiltrated  B4C  and  the  alternating  layers  of  pure  Al  form  continuous  films.  10  The 
overall  architecture  provides  alternating  layers  of  hard  and  soft  components  and  strong 
interfaces.  As  a  result,  fracture  toughness  and  firacture  strength  both  show  a  30  to  40  % 
increase  over  the  monolithic  B4C-AI  composite  with  the  same  Al  composition  (Rguie  6),  as 
well  as  structure  in  which  Al  and  B4C  have  a  three-dimensional  interpenetrating  network.  109 
The  mechanical  properties  of  B4C-AI  laminates,  in  terms  of  Kic  and  specific  fracture 
strength,  are  currently  the  best  that  can  be  achieved  among  the  present  cermet  systems. 

Despite  the  fact  that  improvements  have  been  achieved  in  the  mechanical  properties  of 
laminated  composites  based  on  biomimetic  architecture,  as  in  the  example  of  B4C-AI,  these 
improvements  have  not  yet  come  close  to  the  superior  properties  of  nacre  over  monolithic 
CaCX)3.  This  may  be  due  primarily  to  insufficiently  thin  laminate  lajm.  TTiicknesses  below 
1  mm  in  the  inorganic  layers  and  below  100  nm  in  the  organic  layers  (soft  phase)  are  needed. 
Second,  as  will  be  clear  from  the  discussion  in  the  following  section,  both  the  inorganic  and 
organic  layers  have  complex  structures,  in  terms  of  their  crystallography,  substructures,  and 
morphology. 

4.0  DETAILED  STRUCTURE  OF  NACRE 

In  a  layered  composite  design,*  ^0  the  most  significant  structural  features  are:  (i)  properties 
of  hard  and  soft  components,  (ii)  interface  structures  and  properties,  (iii)  thicknesses  of  the 
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Figure  8  -  (a)  Platelets  of  biological  aragonite  in  an  edge-on  view  of  nacre  of  pinctada,  and  (b) 
geological  aragonite  (sample  from  Aragon,  Spain)  display  substnictural  details.  Note  high  dislocation 
density  (in  this  orientation)  in  (a)  but  only  antiphase  boundaries  in  (b).  (Twins  in  (a)  are  in  face-on 
configuration  and,  hence,  are  not  seen). 
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laminates  and  their  ratio,  and  (iv)  geometry  of  the  lamellae.  In  the  case  of  nacre,  although 
many  structural  factors  are  known,  some  of  the  most  significant  questions  are  still 
unanswered.  In  nacre,  for  example,  it  is  possible  that  the  aragonite  lattice  may  incoiporate 
organic  molecules.^  If  this  is  so,  then  the  bulk  properties  (e.g.,  moduli)  of  the  biogenic 
aragonite  will  diffa-  significantly  from  those  of  geological  aragonite.30  As  shown  in  Figure 
8,  biogenic  aragonite  contains  significant  density  of  dislocations  (in  addition  to  other 
substructural  features),!  ^  contrary  to  geological  aragonite  (an  ionic  crystal)  in  which 
dislocation  could  not  be  observed.!  !2  nacie,  the  lamellae  do  not  form  simple  continuous 
layers;  instead  the  inorganic  component,  in  the  form  of  platelets  (bricks),  interrupts  the 
continuity  of  a  given  layer  with  each  platelet  surrounded  by  a  thin  film  of  organic  matrix. 
Even  less  is  known  about  the  composition  and  molecular  and  conformational  structure  of  the 
organic  matrix.86,89,90,113-118 

Among  all  the  features  of  nacre,  the  interface  structure  and  properties  are  the  least 
understood.  As  we  have  seen,  interfaces  not  only  allow  sliding  of  aragonite  platelets  and 
formation  of 

organic  ligament  under  stress,  (both  necessary  conditions  for  the  excellent  properties),  but 
they  are  also  the  sites  of  the  nucleation  and  growth  of  the  aragonite  layers.!!3"!!5il  18, 119 
For  these  reasons,  stmctural  correlation  of  aragonite  and  the  organic  matrix  deserve  closer 
examination.  In  order  to  answer  some  of  these  questions,  we  have  directed  a  portion  of  our 
research  toward  the  study  of  the  structure  of  nacre  at  submicron  and  nanometer  scales.^ 

In  the  following  sections  we  summarize  the  current  understanding  of  morphological  and 
crystallographic  relationships  among  the  structural  components  of  nacre.  First,  we  present  an 
overview  of  these  relationships  between  the  inorganic  building  blocks.  From  this,  we 
construct  a  model  for  the  possible  molecular  conformation  of  the  imderlying  organic  matrix. 
We  find  that  the  model  not  only  allows  the  crystallographic  but  also  the  moiphological 
relationships  among  building  units  in  nacre,  and  forms  a  basis  for  shape  formation  and 
growth  of  the  shell. 
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4.1  MICROSTRUCTURE  OF  NACRE 

Red  abalone  (Haliotis  rufescens)  belongs  to  the  mollusk  species  in  the  familyof  gastropods. 
Gastropods  first  evolved  about  500  million  years  ago,  and,  with  little  change,  they  have 
survived  to  the  present  time  (abalone  is,  thus,  considered  a  "living  fossir').21.91-94  Tjjg 
of  the  abalone  is  ear-shaped,  with  a  large  opening  and  a  small  spire  (Figure  9).  The  shell  has 
respiratory  pores  (about  20  in  the  adult)  but  only  the  last  4  to  5  are  open  at  a  given  age.  The 
organism  has  a  large  foot  which,  in  the  juvenile  period,  grabs  onto  a  rock,  allowing  adult 
mollusk  to  forage  for  algae  and  plants  on  the  bottom.  Although  other  abalone  species  are 
much  smaller,  the  shell  of  H.  ritfescens  grows  by  about  2.5  cm  per  year  and  can  reach  30  cm 
in  diameter;  after  which  it  only  thickens  (becoming  more  than  a  cm). 


Figure  9  -  Schematic  drawing  of  (a)  a  top  view  and  (b)  an  inside  view  of  Haliotis  rufescens. 
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A  longitudinal  cross-section  of  the  red  abalone  shell  displays  two  types  of  microstructures:  an 
outer  prismatic  layer  and  inner  nacreous  layer  (see  Figures  7, 9,  and  10).  Two  forms  of 
CaC03,  calcite  (rhombohedral,  R3m)  and  aragonite  (orthorhombic,  Pmnc),  constitute  the 
inorganic  phase  of  the  composite  in  the  prismatic  and  nacreous  layers,  respectively.  This 
paper  focuses  on  the  structure  and  properties  of  the  nacreous  layeri  since,  as  discussed  above, 
this  part  of  the  shell  displays  an  excellent  combination  of  mechanical  properties  that  derive 
from  its  highly  ordered  and  comparatively  simple  hierarchical  structure  having  alternating 
layers  of  organic  and  inorganic  components.^O  microarchitecture,  especially  the  highly 
ordered  inorganic  component  (aragonite  platelets),  is  possible  to  study  ciystallographically 
with  the  aid  of  electron  microscopy  directly  and  in  great  detail.  This  is  mainly  because 
electron  radiation  damage  poses  less  of  a  threat  during  the  observation  of  the  CaCOs  crystals 
than  does  the  organic  matrix. 

The  structures  of  shells  are  seen  in  the  SEM  images  in  Figure  10,  from  the  fractured  surfaces 
of  red-abalone  and  nautilus.  The  images  display  stacked  platelets  (aragonite)  in  nacre  on  the 
inner  portion,  and  alongated  crystallites  (calcite)  in  the  prismatic  section  on  the  outer  portion. 
Platelets  in  nacre  are  typically  arranged  in  either  columns  (abalone  and  nautilus)  or  sheets 
(pinctada).  The  stacking  is  not  random  and,  in  a  fully  grown  specimen,  resembles  a  brick 
and  mortar  microarchitecture  as  discussed.  The  platelets  vary  in  thickness;  an  average  of 
0.25  mm ,  0.4  mm,  and  0.5  mm  in  red  abalone,  nautilus,  and  pinctada,  respectively,  and  edge 
length  is  5- 10  mm.  Organic  matrix  is  between  10  and  50  nm  thick.  The  dimensions  of  the 
aragonite  platelets  and  the  organic  matrix  vary  depending  on  the  site  of  the  shell  from  which 
the  sample  is  extracted  and  the  species  of  the  moUusks. 

The  following  sections  describe  the  structure  of  the  organic  matrix  and  the  crystallographic 
and  geometrical  relationships  between  the  CaCOa  platelets  throughout  the  nacre  of  abalone. 
Based  on  the  structural  relationships  in  the  inorganic  component,  a  possible  correlations 
between  the  structures  of  aragonite  platelets  and  organic  matrix  will  be  proposed  in  a  later 
section.^  First,  the  current  knowledge  on  the  organic  matrix  is  summarized  below. 
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Figure  10  -  Images  of  fractured  surfaces  of  abalone  (a)  and  nautilus  (b)  exhibit  both  the  prismatic  fp) 
and  the  nacre  (n)  sections. 
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4.2  STRUCTURE  OF  THE  ORGANIC  MATRIX 

As  described  by  other  researchers,^*  20  the  organic  matrix  is  thought  to^)e  a  composite 
of  macromolecules  stacked  in  a  sandwich  form.  This  is  based  mostly  on  indirect 
investigation  of  the  characteristics  of  the  biological  macromolecules  that  are  extracted  from 
the  shell  through  decalcification.90.1 14,1 19,120  Macromolecules  are  divided  into  two  groups: 
those  soluble  in  weak  acids,  and  those  that  are  noL^  In  the  former  case,  the  proteins 
extracted  were  found  to  contain  aspardic  and  glutamic  acids  (see  references  in  Table-II) 

These  amino  acids  are  known  to  be  major  components  of  structural  proteins  that  form  sheet- 
like  structures,  such  as  in  b-pleated  sheets,  that  are  found  throughout  the  animal  kingdom.23 
An  extensive  literature  survey  reveals  the  major  amino  acid  compositions  of  the  proteins  in 
various  species  of  mollusks  given  in  Table-II.  There  is  also  speculation  of  the  composition 
of  the  insoluble  portion  of  the  organic  matrix,  but  it  is  probably  much  less  accurate.  It  is 
possible,  based  on  many  investigations,  that  this  portion  of  the  matrix  may  constitute 
polysacharides  in  addition  to  proteins  (see  Table-II). 

The  major  flaw  in  each  of  these  studies  has  been  that  the  macomolecules  extracted  from  the 
shell  have  not  been  specific  to  a  certain  section  in  the  shell.  In  fact,  the  shell  is  often 
pulverized,  with  both  the  calcitic  (prismatic)  and  aragonitic  (nacre)  sections  intermixed 
before  decalcifrcation.  The  organic  macromolecules  are  expected  to  have  different 
stoichiometric  compositions,  and  hence  different  conformations  with  respect  to  each  other. 
These  differences  may,  in  turn,  greatly  affect  the  structure,  crystallography,  and  the  geometry 
of  the  inorganic  crystals.  The  analysis  which  gives  a  mixture  of  all  the  biological 
macromolecules  in  a  shell,  therefore,  has  so  far  not  been  adequate  in  describing  the  true 
composition  and  the  structure  of  the  macromolecules  that  make  up  the  nacre  structure. 
(Several  investigators  -  D.  Morse,12li  University  of  California,  Santa  Barbara,  D. 

Kaplan,i21ii  Natick  Research  Center,  ARO  Lab,  including  those  in  our  laboratory,121iii  gj-g 
working  towards  isolating  macromolecules  from  different  portions  of  the  shell). 


Nevertheless,  based  on  the  findings  so  far,  and  limited  direct  analysis,  the  organic  matrix  may 
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Table  -  II:  Amino  acid  compositions  of  the  moUusk  shells  used  in  this  study 
(table  is  made  using  the  literature  data) 


Asx 

Thr 

Ser 

H.  rufescens 

W 

25.0 

9 

10.2 

N 

20.0 

2.0 

9.2 

P 

20.0 

11.0 

6.8 

N.  pompilius 

WI 

7.1 

1.3 

9.8 

N 

2.0 

1.3 

6.3 

NS 

26.1 

4.8 

7.9 

P.  margaritifera  P 

9.4 

2.9 

3.9 

Glx 

Pro 

Gly 

Ala 

Val 

Tyr 

ref. 

8.2 

7 

48.5 

4.52 

7 

7 

i 

4.3 

3.6 

18.4 

17.1 

7 

7 

ii. 

5.7 

5.7 

11.0 

6.8 

7 

7 

ii 

4.5 

0.5 

35.3 

25.0 

1.4  , 

0.6 

iii/iv 

6.7 

0.0 

19.7 

48.0 

2.3 

0.0 

V 

6.6 

4.6 

23.6 

4.4 

1.5 

6.4 

vi 

2.2 

5.6 

22.3 

3.2 

7 

5.5 

vii 

N:  Nacre  only,  P:  prismatic  only:  NS:  nacre-soluble  proteins;  W;  whole  shell;  WI;  whole  shell,  insoluble  only. 
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actually  have  a  sandwich  structure  containing  three  organic  sublayers,  each  with  its  own 
unique  composition  and  molecular  conformation.  ^  According  to  this  scheme,  the  central 
portion  of  the  organic  matrix  is  composed  of  chitin  (polysacharides),  which  is  surrounded  on 
both  sides  by  b-pleated  protein  sheets.  The  layer  next  to  the  inorganic  is  then  composed  of 
acidic  proteins.  In  this  scheme,  while  the  chitin  provides  the  structural  (mechanical)  stability 
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to  the  composite  forming  a  back-bone  (framework  macromolecules),  the  b-pleated  sheets  act 
as  the  substrate  and  provides  the  biomineralization  sites  (nucleator  macromolecules).  The 
acidic  proteins  are  there  to  fill  in  the  gaps  between  the  organic  matrix  and  the  aragonite 
crystals.  Neither  the  composition  of  these  layers  nor  their  structure  has  yet  b^n  clearly 
identified.  The  investigation  of  the  structural  relationship  between  the  organic  and  the 
inorganic  layers  is,  therefore,  far  from  complete.30 

Similarly,  it  may  be  possible  to  directly  study  the  organic  macromolecules  in  the  TBM  if 
proper  molecular  markers  are  developed.  For  this,  isolation  of  each  of  the  major 

macromolecules  from  the  organic  matrix  seems  to  be  necessary.  Once  this  is  done 
development  of  antibodies  and  proper  stains  will  follow.  These  stains  can  then  be  used  in 
ultramicrotomed  thin  sections  to  identify  locations  and  concentrations  of  each  of  the 
macromolecules.  In  our  group  a  preliminary  work  is  being  earned  out  to  reveal  structures  of 
the  macromolecules  in  samples  that  are  either  ultramicrotomed  o?  low  temperature  ion-beam 
niilled.124  x^o  such  micrographs  are  displayed  in  Figure  11.  Figure  11(a)  reveals  layered 
structure  of  the  organic  matrix  in  an  ultramicrotomed  section.  The  contrast  difference  is 
due  to  differential  staining  of  the  organic  sub-layers  by  uranyl  acetate  due  to  their  differences 
in  composition  and  structure.  A  detailed  microstructure  of  the  interface  between  organic  layer 
and  aragonite  is  shown  in  Figure  1 1  (b).  The  image  was  taken  from  a  sample  that  was  low- 
temperature  ion-milled  and  then  slightly  etched  by  gold  citrate.  The  preferential  etching 
of  the  aragonite  platetes  gives  them  a  saw-tooth  appearance.  The  light  acid  used  that  causes 
this  feature  also  dissolves  away  the  acid  soluble  portion  of  the  organic  sublayers.  As  a  result, 
central  sub-layers  of  the  organic  matiix  are  exposed.  This  is  the  part  we  think  is  made  up  of 
polysaccharides  since  they  are  known  to  be  resistant  to  such  treatment.  Further  studies  are 
underway  to  correlate  these  characteristic  features  related  to  the  structures  of  aragonite  and 
the  organic  matrix. 

From  the  point  of  biomimetics  it  is  essential  to  understand  what  the  function  of  the  organic 
matrix  in  nacre  is  in  controlling  nucleation  of  the  inorganic  crystals,  their  shape  formation 
and  growth.  In  future  crystal  engineering,  in  making  nanostmetures  and  laminated 
composites  based  on  biological  hierarchical  composites  using  either  synthetic  or  biological 
macromolecules,  the  first  requirement  is  to  understand  the  mechanism  of  inorganic-organic 
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Figure  1 1  -  Structure  of  the  organic  matrix  in  nacre  of  abalone.  The  sample  in  (a)  was 
ultramicrotomed,  decalcified,  fixed,  and  stained.  Five  sub-layers  (arrows)  are  exposed  in  the  organic 
matrix,  possibly  due  to  their  differential  staining.  The  image  in  (b)  was  taken  fiom  an  ion-beam 
milled  sample  that  was  slightly  acid  etched.  It  reveals  insoluble  (central)  portion  of  the  organic  layer 
DB  (dark  bands)  and  the  saw-tooth  (ST)  appearance  of  the  etched  aragoniteAnatrix  interface. 
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interactions  in  biological  systems.  Further  detailed  investigation,  especially  in  a  hard  tissue 
like  nacre  having  a  relatively  simple  structure,  therefore,  appears  to  be  well  warranted.  The 

following  section  will  attempt  to  address  this  issue. 

43  CRYSTALLOGRAPHY  OF  ARAGONITE  PLATELETS 

As  discussed  above,  a  fundamental  knowledge  of  the  overall  structural  relationships  between 
the  organic  and  inorganic  components  in  the  closely  knit  structure  of  nacre  (and  other  hard 
tissues)  is  essential  to  understanding,  first,  its  mechanical  properties,  second,  relationship 
with  the  organic  matrix,  and  third,  its  mechanism  of  formation.  Prior  studies  have  postulated 
the  crystallinity  of  the  organic  matrix  from  the  fact  that  it  contains  chitin  and  silk  fibrion-like 
proteins  as  the  outer  and  middle  sublayers  of  a  sandwich  structure  and  that  these 
macromolecules  are  known  to  self-assemblc  in  crystalline  arrangcments.90.1 14-1 154 19.  20 
The  outermost  sublayer  in  the  organic  matrix,  the  one  in  contact  with  CaC03,  consists  mostly 
of  soluble  charged  macromolecules  (proteins)  and  presumably  acts  as  the  binder  to  the 
inorganic  phase.  This  scheme  suggests  that  active  sites  on  the  matrix  aUgn  with  those  on  the 
CaC03,  i.e.,  either  Ca2+  ions90414  or  CO3*  sites  (ionotropy  mechanism).^  13,119 

It  has  been  impossible  to  smdy  both  the  organic  and  inorganic  crystals  simultaneously,  and 
the  structural  relationships  between  the  components  of  the  nacre  exist  only  as  a 
conjectuie.904 13-1 15,1 19,120,125-128  Bulk  studies,  performed  by  X-ray  diffiaction,  on  the 
nacre  revealed  that  the  aragonite  platelets  are  organized  with  their  [001]  axis  perpendicular  to 
the  layers.90.1 14.128  it  has  been  postulated  that  the  axes  within  the  layer  plane  in  each 
platelet  are  oriented  randomly.904 14  Furthermore,  it  was  assumed  from  this  scheme  that 
each  aragonite  platelet  grew  on  the  crystallographically  related  organic  template,  which  itself 
has  a  local  randomorientation.90  From  the  composition  of  the  insoluble  fiction  of  the 
organic  matrix,  i.e.,  the  inner  crystalline  sublayers  which  contain  a  high  fraction  of  aspartic 
and  glutamic  acid,  it  might  be  possible  to  deduce  a  self-assembled  structure  that  would  be 

related  commensurately  to  the  aragonite  lattice  along  the  [001]  projection.  >  • 

In  the  present  work,  each  aragonite  crystallites  was  analyzed  by  electron  diffraction 
separately  and  its  crystallographic  orientation  relationship  was  established  with  respect  to  its 
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Figure  12  (a-f)  -  TEM  images  reveal  crystallographic  relation  between  aragonite  platelets  and 
domains.  Images  in  (a)  and  (b)  reveal  that  A-C-E  are  twin  related  to  B-D-F,  as  confirmed  by  electron 
diffraction  (image  recorded  with  a  slight  tilt  about  the  [001]  axis  that  is  normal  to  the  plane  of  the 
paper). 
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Figure  12  (conL)  Images  in  (c)  and  (d)  are  from  a  platelet  in  (e)  containing  four  domains.  [001] 
diffiaction  pattern  (f)  taken  from  a  domain  boundary  in  (e)  reveals  that  the  domains  ate  twin  related. 


neighbors,  both  on  the  same  layer  and  across  the  thickness  of  the  nacre,  hence,  enabling  us  to 
complete  a  three-dimensional  picture.^O  First,  we  found  that  adjacent  platelets  on  the  same 
layer  belong  to  the  same  [001]  zone  axis  with  a  slight  rotation  among  them.  The  question 
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whether  there  is  any  crystallographic  relationship  between  the  a  and  b  axes  of  platelets  on  the 
same  layer  was  also  answered;  it  was  found  that  they  are  twin-related  with  a  twin  plane  of 
{110}  type  30  In  this  scheme,  all  of  the  platelets  on  the  same  layer  are  twin-related  whether 
they  share  a  boundary  or  not,  constituting /irst  generation  twins  since  this  twinning  takes 
place  at  the  highest  spatial  scale  (Figure  12  (a-b)).  Further  analysis  indicated  that  each 
platelet  consists  of  several  domains  which  are  crystallographicaUy  related  (Figure  12  (c-f))- 
In  fact,  the  diffraction  patterns  from  all  the  domain  boundaries  show  twin  reflections  with 
domains  belonging  to  either  (1 10)  or  (110)  variant.  Adjacent  domains,  therefore,  are  twin 
related  and  constitute  the  second  generation  twins. 

The  angle  between  each  pair  of  domains  in  an  ideal  hexagonally-shaped  platelet  with  six 
twin-related  domains  would  be  60°.  This  is  not  possible,  however,  since  the  outer  edges  of 
the  platelets  are  parallel  to  { 1 10 }  planes.  The  angle  between  each  pair  of  planes  -  for 
example,  between  (110)  and  (110)  -  is  63.5°;  this  leaves  a  3.5°  unaccounted  for.  This 
induces  strain  into  the  aragonite  lattice  and  must  be  accommodated  by  some  structural 
deformation,  such  as,  by  slip  or  twin  formation.  In  the  present  case,  nanometer- scale  twins 
form  on  { 1 10}  planes,  shown  in  Figure  12  (g),  that  are  similar  tp  growth  twins  in  geological 
minerals.  Since  they  occur  at  the  smallest  scale,  these  are  called  third  generation  twins. 

(It  was  found  that  a  portion  of  the  lattice  stress  created  by  the  3.50-strain  can  also  be 
accommodated  by  the  misaligiunent  of  adjacent  domains,  as  frequently  observed.  This 
misalignment,  however,  cannot  account  for  all  the  strain  accommodation,  as  the  interfaces 
between  the  domains  show  a  high  degree  of  coherency.)  These  three  twin  structures  cover  a 
size  scale  of  six  orders  of  magnitude,  from  the  nanometer  to  the  submillimeter,  and  reveal, 
for  the  first  time,  a  hierarchical  structure  in  a  biological  hard  tissue. 

4.4  A  MODEL  OF  THE  CONFORMATION  OF  ORGANIC 
MACROMOLECULES 

The  interaction  between  the  species  on  an  organic  substrate  and  a  crystalline  organic  phase 
must  include  geometrical,  electrostatic,  and  stereochemical  interactions.^^3-115,119,120,127- 
^31  Therefore,  the  nucleation  and  growth  of  the  crystals  will  be  influenced  by  both  the 
nearest  neighbor  interactions  and  those  higher  on  the  scale.  The  aragonite  crystal  structure 
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symmetry  to  an  orthorhombic  form  132  Th'  •  •  ’  ^ 
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aragonite  and  the  stereochemical  relationship  that  might  exist  between  the  aragonite  and  the 
macromolecules  in  the  organic  matrix. 

The  nucleation  and  growth  of  the  aragonite  crystals  may  involve  both  Ca2+  and  other  ions, 
but  for  simplicity,  only  the  arrangement  of  Ca2+  ions  is  illustrated  in  Figure  13.  True 
hexagonal  closed-packed  formation  would  require  an  axial  ratio  of  b/a  =  1.63;  however,  the 
observed  value  is  only  1.69.  In  the  actual  aragonite  lattice,  the  Ca2+  ions  are  not  in  contact 
but  are  separated  by  O^'  ions,  and  the  pseudo-hexagonal  arrangement  refers  to  the  centers  of 
Ca2+  ions  rather  than  their  actual  packing.  Since  the  same  {110}  twinning  takes  place  at  all 
length  scales,  superimposition  of  the  lattices  on  all  three  possible  twins  with  a  63.5°  angle 
with  respect  to  each  other  generates  a  new  superlattice  stmcture  based  on  the  coincidence 
lattice  sites  (LCL)133  and  is  called  superstructure.  30,134  jggg  Figure  13(c)].  Taking  the 
actual  distance  between  the  Ca^"*"  ions  as  3.94  A,  it  is  calculated  that  the  distance  between 
these  lattice  points  would  be  about  30-40  A.  If  the  nucleation  and  growth  of  the  aragonite 
platelets  takes  place  on  the  underlying  organic  matrix,  then  the  geometric  configuration  of 
the  active  sites  for  binding  Ca2+  ions  on  the  organic  matrix  must  accommodate  this 
superlattice  and  thus  all  twins  in  the  nacre.  To  explain  this  phenomenon,  it  may  reasonably 
be  assumed  that  the  binding  sites  on  the  template  form  a  single  crystalline  pseudo-hexagonal 
lattice,  or  integer  multiples  of  it  It  is  known  that  many  two-dimensional  membranes  tend  to 
form  hexagonal  lattices  during  self-assembly.  jhis  hypothesis  (that  the  organic  matrix 
may  be  a  single  crystalline)  is  an  essential  structural  feature  for  the  formation  of  the  highly 
organized  platelets  in  nacre. 30.134  crystalline  organization  of  the  matrix  proposed 

earlier,90.1 14  with  no  relationship  between  the  neighboring  areas  and  therefore  no  long-range 
order,  would  result  in  aragonite  crystals  with  no  definite  crystallographic  orientation 
relationships. 

By  tracing  the  possible  twin  boundaries,  the  superlattice  allows  the  generation  of  the 
hierarchical  twin  structure  and  all  the  shapes,  geometry,  and  crystallography-related  features, 
including  five-edged  platelets  with  90°-domains,  sixfold  symmetry  of  platelets,  and  six-  and 
three-edged  domains.30.134  xhe  fact  that  one  can  generate  all  the  possible  configurations  in 
this  way  illustrates  again  that  a  pseudo-hexagonal  template  structure  (and  not  the  lattice  of  a 
single  domain)  might  be  a  possible  solution  for  the  stmcture  of  an  organic  matrix  that  can 
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Rgure  13  -  (a)  The  model  of  the  aragonite  lattice  in  [001]  projection  with  only  Ca2+  ions  highlighted. 
Superimposition  of  three  lattices  each  with  a  successive  rotation  of  63.5°  (angle  between  { 1 10} 
planes)  produces  a  Mori6  fringe  pattern,  (c)  Highlighted  coincidence  lattice  sites  produce  a  pseudo- 
hexagonal  pattern,  (d)  Platelets,  which  retain  the  crystallographic  and  morphological  relations,  can  be 
drawn  based  on  the  CLS  model. 


I 

I 

I 

I 
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accommodate  all  the  twin  relationships.  The  ultrastructure  in  the  organic  matrix  would  be 
single  crystalline  not  only  on  the  flat  surface  but  also  through  the  transverse  direction  of 
nacre  as  demonstrated  from  the  twin  orientation-relation  of  the  crystals  across  the  thickness 
direction  as  well^O  The  platelets  do  not  leave  space  when  packed  on  a  given  layer  because 
of  the  crystallographic  and  geometrical  requirements,  whence  called  spacefilling  tiles.  The 
tiles  (aragonite  platelets)  can  have  several  different  edges  (3-,  4-,  5-,  6-edged)  but  still  have 
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regular  shape.  Based  on  a  mathematical  description, ^ 36  therefore,  we  call  them  multiple 
tiles Since  the  tiles  also  have  domains  at  lower  dimensional  scale,  we  can  call  the 
configuration  of  the  tiles  within  the  nacre  in  three-dimensional  space  as  multiple  tiling  with 

hierarchical  twins.  ^37 

5.0  GROWTH  AND  SHAPE  FORMATION  OF  THE  SHELL: 

MORPHOGENESIS 

As  discussed  above,  although  six-fold  twin  structures  also  occur  in  geological  aragonite,  ^  1 1 
the  hierarchical  arrangement  in  nacre  is  unique  in  that  each  platelet  is  separated  from  the 
others  during  the  early  stage  of  growth.134,137  This  is  illustrated  in  Figure  14  which  shows 
the  layers  of  aragonite  are  separated  on  the  growing  edge  of  the  shell  by  a  thin  film  of 
organic  matrix,  and  the  new  platelets  grow  on  it  independently.  In  geological  aragonite,  by 
contrast,  the  mimetic  twin  domains  grow  in  contact,  one  after  the  other,  and  each  is 
influenced  by  the  presence  of  another.^’*  In  nacre,  however,  even  after  crystallization  is 
complete,  the  platelets  remain  separated  from  each  other  by  an  organic  membrane.  ^  32  The 
fact  that  separate  platelets  grow  simultaneously  and,  yet,  have  a  definite  crystallographic 
orientation  relationship  suggests  that  the  growth  process  might  be  mediated  by  the  organic 
template  beneath  each  of  the  individual  crystals,  as  proposed  earlier.ll'^>1^3, 119,120  in  the 
following  paragraphs,  we  discuss  how  these  hierarchical  twins  might  originate  and  the 
implications  this  has  for  the  structure  of  the  organic  template  on  which  the  aragonite  crystals 
are  grown. 

As  can  be  determined  from  Figure  14,  which  was  recorded  from  the  growing  edge  of  a 
juvenile  abalone,  the  organic  membranes  actually  form  layers  of  sheet  with  an  empty  space 
between  them  which  would  eventually  be  filled  with  the  inorganic  material.  Each  layer 
occasionally  separates  into  several  sublayers,  and  this  is  repeated  for  many  layers,  seemingly 
in  a  random  fashion,  throughout  the  thickness.  This  suggests  a  hierarchical  organization  of 
the  organic  membrane  as  well.  The  production  of  further  organic  layers  originating  from  a 
single  membrane  also  has  significant  implications  in  terms  of  the  mechanism  of  self- 
assembly  of  the  macromolecules  that  make  up  the  framework  of  the  organic  matrix. 
Although  attempts  have  been  made  in  the  literature,^  ^^’^^^’^35-137  ^  clear  description 
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Figure  14-  (a)  Secondary  electron  image  of  the  growing  edge  of  a  juvenile  red  abalone  in  an  edge-on 
view  shows  organic  matrix  (BM)  between  the  newly  fonning  aragonite  platelets  (CaC03)  in  a 
columnar  organization.  Notice  the  bottommost  organic  layer  with  newly  formed  aragonite  nuclei,  (b) 
A  schematic  drawing  illustrate  the  growing  edge  of  the  abalone  shell.  C:  prismatic  layer,  N:  nacreous 
layer,  EPL:  extrapaUial  space;  pt:  periostracum;  c:  cells;  prtn;  self  assembling  proteins  and 
polysaccharides;  m:  muscle  of  the  foot;  t:  tentacles,  OP:  organic  matrix;  and  AP:  aragonite  platelets. 
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explaining  how  the  successive  single  layers  form  in  the  nacre,  or  any  other  hard  tissue  has  not 
been  established.  The  best  description  so  far  has  been  the  presence  of  compartments  which 
would  initially  form  as  small  boxes  on  top  of  the  older,  much  larger  These  would  then 
eventually  grow  as  the  inorganic  crystallites  form  within  them.  It  has  not  been  clear,  in  this 
scheme,  called  compartmentalization,  how  the  layers  actually  come  to  being  in  the  first  place, 
and  how  each  compartment  would  form  and  be  enlarged. 

Here,  we  see  for  the  first  time,  that  successive  layers  form  from  an  original  membrane  as 
subsidiary  layers,  which  would  themselves  act  as  originators  of  further  subsidiary  layers  in  a 
cascading  fashion.  ^37  'phis  mechanism  is  similar  to  reproduction  of  cells  in  organisms  in 
making  new  cells  and  subcellular  features  (such  as  organelles).  If  this  scheme  is  correct,  then 
the  layers  must  be  in  closer  scrutiny  by  the  organism  than  what  has  been  hitherto  thought  as 
merely  being  formed  through  self-assembly.  In  other  words,  the  cell  membrane  formation  is 
a  further  step  up  in  the  hierarchy  of  making  cells  than  the  self-assembly  of  macromolecules 
which  is  a  quaternary  step  in  the  organization  of  macromolecules  in  organisms,  such  as 
protein  clusters,  or  structural  polysaccharides.  It  can  also  be  noted,  in  this  case,  that  both 
proteins  and  polysaccharides  are  thought  to  be  present  in  the  organic  matrix  structures, 
adding  more  evidence  that  the  organic  matrix  might  be  a  membrane  in  the  sense  of  the 
physiological  terms.  A  membrane  therefore,  having  proper  proteins  in  their  respective 
locations,  both  within  the  composite  layers  of  the  organic  matrix  and  on  certain  locations  of 
the  membrane  surfaces,  would  serve  the  function  of  being  structural  proteins,  and  of  transport 
proteins  regulating  the  passage  of  the  inorganic  ions  in  and  out  of  the  membrane  for  the 
formation  of  CaCX)3  on  the  surface.  This  description  on  the  formation  and  the  function  of 
the  organic  matrix  as,  what  we  will  call,  a  pseudomembrane, is  conjectural  and  requires 
further,  careful  study.  These  studies  would  be  essential  to  find  the  true  nature  of  structures 
and  growth  of  hard  tissues.  (Future  investigations  may  involve,  for  example,  either  in  vitro 
experiments  using  detailed  histochemical  techniques,  or  in  vivo  observations  of  the  growing 
edge  of  the  nacre  directly  at  the  nanometer-scale  to  elucidate  the  growth  process  at  the 
nanometer  scale.  ^3^) 

It  has  been  well  recognized  that  the  shapes  of  many  moUusk  shells  can  be  described 
mathematically  by  a  helico-spiral.  ^38,139  jhij  jg  demonstrated  schematically  in  Figure  15(a) 


73 


Nacre:  Properties,  Crystallography,  Morphology,  and  Formation 


Fig.  15  -  (a)  Logarithmic  spiral,  (b)  A  schematic  illustration  of  growth  spirals  of  abalone  shell,  (c) 
Local  spirals  of  aragonitic  platelets  in  nacre  (secondary  electron  image). 

for  abalone  shell.  In  two-dimensions  (x-y  plane)  the  equation  of  the  spiral  is:  r  =  a  e*t* 
where  r  is  the  radius  of  the  spiral  at  any  position  of  the  angle  (j>,  a  is  a  constant  specific  to  a 
species  of  the  mollusk.  The  depth  is  given  to  the  shell  by  a  variation  in  the  third  dimension, 
z.  What  has  not  been  recognized  so  far,  neither  by  biologists  nor  by  mathematicians, 
however,  is  the  possibility  of  the  design  of  the  overall  shape  of  the  shell  based  on  the 
underlying  organic  matrix  within  the  hard  tissue.  This  design  may  be  a  result  of  the 

structural  interrelationship  between  the  crystallography  of  the  aragonite  lattice  and  the 
crystallographic  conformation  of  the  Ca2+-binding  (or  CO3-  -binding)  matrix  nucleator 
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proteins.  For  instance,  assuming  that  macromolecular  conformation  based  on  the  proposed 
superstructural  model  above  provides  a  template  for  the  CaC03  formation,  then  the  growth  of 
an  individual  aragonite  platelet  follows  a  spiral  (Figure  15(b)).  Furthermore,  this  growth 
scheme  may  allow  adjacent  platelets  to  grow  in  a  spiral  manner,  as  demonstrated  in  the  SEM 
image  in  Figure  15(c).  Spiral  growth  of  platelets  in  local  regions  along  and  behind  the 
growing  edge  of  the  shell  would  lead  to  the  growth  of  the  shell  at  hierarchically  higher  scales, 
eventually  leading  to  the  final  specific  shape  of  each  of  the  mollusk  species.  In  this 
proposed  growth  scheme,  therefore,  the  overall  morphology  of  the  shell  is  designed  at  the 
molecular  scale  by  the  organic  matrix,  In  terms  of  biomimetics,  this  hypothesis,  if  proven 
correct,  may  have  implications  in  net-shape  formation  of  technological  ceramics,  and, 
therefore,  constitutes  another  important  area  of  future  investigation. 

7,0  SUMMARY  AND  FUTURE  DIRECTIONS 

We  have  reviewed  the  results  of  some  of  the  recent  studies  on  mechanical  properties  and 
structure  of  the  nacre  section  of  moUusks.  Nacre,  which  is  about  95  vol.  %  aragonite  and 
about  5  vol.  %  organic  macromolecules,  has  fracture  toughness  and  fracture  strength 
properties  that  are  orders  of  magnitude  higher  than  those  of  monolithic  aragonite.  The 
inorganic  and  organic  components  in  nacre  have  a  high  degree  of  organization  not 
encountered  in  synthetic  materials.  From  our  analysis  of  toughening  and  strengthening 
mechanisms,  we  can  conclude  that  the  unique  structure  of  nacre  is  responsible  for  these 
superior  properties.  The  current  understanding  of  these  toughening  and  strengthening 
mechanisms,  and  their  relation  to  the  sizes  of  the.component  phases,  is  far  from  complete. 

Morphological  and  crystallographic  analyses  by  electron  microdiffraction  of  the  inorganic 
phase  biogenic  aragonite  indicate  that  the  individual  aragonite  platelets  in  nacre  form  a 
multiple  tiling  system  in  which  twins  form  hierarchical  defect  structures  to  control  the  overall 
structural  order.  Assuming  that  crystal-matrix  recognition  is  applicable,  a  model  is 
forwarded  for  the  structural  conformation  of  the  active  sites  in  the  organic  matrix  which  may 
then  act  as  the  template  for  the  formation  of  nacre.  This  model,  called  the  superstructure, 
explains  all  the  experimentally  observed  crystallographic  and  morphological  relationships  in 
the  aragonite  phase.  The  geometric  and  crystallographic  model  of  aragonite  platelets 
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proposed  in  this  review  is  referred  to  as  multiple  tiling,  as  discussed.  It  appears  that  nature 
has  utilized  this  mathematical  technique  in  nacre  to  form  a  highly  ordered  structure 
compatible  with  both  the  soft  component  and  the  crystalline  and  geometrical  structural 
constraints  of  the  hard  component.  Tiling  may  also  play  an  important  role  in  determining  the 
overall  shape  formation  of  the  nacre  and  its  mechanical  properties.  Many  mollusks  species, 
such  as  gastropods,  cephalopods  and  bivalves  have  aragonite  platelets  as  the  fundamental 
building  blocks  in  their  nacre,  but  they  also  have  grossly  different  overall  shapes.  In  red 
abalone,  for  example,  the  shell  is  quite  flat  and  thick;  in  nautilus,  the  shell  is  round  and  thin 
and  forms  an  elegant  chambered  structure  in  which  even  the  separation  walls  of  the  chambers 
are  made  of  nacre.  In  all  these  nacre  structures,  the  aragonite  platelets  have  more  or  less  the 
same  dimensions,  about  0.2  to  0.8  mm  thick  and  5  to  10  mm  long  on  the  edge.  On  th  eother 
hand,  the  multiple  tiling  of  the  platelets  and  the  crystallographic  relationship  between  the 
platelets  may  differ  in  these  organisms  due  to  slightly  different  structures  and  compositions 
in  their  underlying  organic  matrices.  Further  studies  on  various  species  of  these  organisms  of 
both  the  crystallography  of  the  mineral  component  and  the  structural  and  compositional 
analyses  of  the  organic  matrices,  are  warranted  if  we  are  to  discern  their  structures  and  the 
unifying,  underlying  principles  for  the  organization  and  formation  of  the  various  shapes  of 
shell  containing  nacre  structures.  A  fundamental  understanding  of  these  structures  is 
essential  for  the  possible  formation  of  synthetic  composites  through  biomimetics. 

This  new  approach,  in  which  the  structure  of  an  organic  material  is  indirectly  deduced  from 
detailed  knowledge  of  the  structural  relationships  among  the  subcomponents  of  the  inorganic 
phase,  may  prove  a  viable  approach  for  studying  other  biocomposites  that  also  have  a  highly 
organized  inorganic  structure.  This  approach  would  serve  as  a  new  methodology,  not  only 
for  studying  the  way  the  overall  shape  is  determined  in  various  species  of  mollusks,  but  also 
for  understanding  general  biomineralization  concepts  in  single  and  multicell  organisms, 
including  bone  and  teeth  in  higher  organisms. 

Despite  considerable  effort  in  the  field,  our  understanding  of  the  mechanisms  that  operate  in 
nacre  to  create  such  a  tough  composite,  and  of  the  composition  and  structure  of  the  organic 
matrix  and  its  structural  relationship  with  the  inorganic  phase  are  still  limited.  Some  of  the 
major  issues,  from  which  an  agenda  for  future  research  may  be  drawn,  are  as  follows: 
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i.  On  Mechanical  Properties:  A  quantitative  understanding  of  the  toughening  and 
strengthening  mechanisms  in  nacre  is  necessary  because  these  mechanism  depend 
upon  the  structural  relationships  of  the  organic  and  inorganic  phases.  Mechanical 
property  evaluation  of  the  overall  shell,  particularly  under  the  dynamic  conditions  in 
which  the  organism  lives  and  makes  use  of  its  multifunctional  characteristics,  is  also 
essential  for  the  design  of  multifunctional  materials  through  biomimicking. 

Future  research  should  include  proper  testing  techniques  for  measurement  including 
interfacial  properties,  analysis  of  paths  for  crack  propagation,  and  their  micromechanical 
analyses.  For  this,  the  knowledge  of  actual  properties  of  the  individual  phases  (organic 
matrix  and  biogenic  aragonite)  are  essential,  which,  in  turn,  requires  careful  analysis  of  true 
structures  (substructures  and  defects  (Figure  16)  and  compositions  of  the  component  phases. 
TTie  coupling  between  the  component  phases  and  their  size  (size-effect)  and  conformation 
(crystallography)  need  to  be  studied  to  reveal  sources  of  nanocompositc  effects. 

ii.  On  the  Organic  Matrix:  The  protein  and  polysaccharide  compositions  in  nacre,  their 
conformations,  identification  as  nucleator  and  framework  macromolecules,  and 
structural  relationships  of  the  organic  matrix  as  well  as  its  relationship  to  the 
inorganic  aragonite  phase  are  necessary  parameters  for  consideration  in  the  design  of 
synthetic  materials.  Similarly,  the  relationship  between  the  organic  matrix  and  calcite 
in  the  prismatic  layer  should  also  be  investigated. 

Items  (i)  and  (ii)  will  lead  to  structural  design  rules  for  biomimicking  new  materials. 

iii.  On  the  Mechanism  of  Growth  and  Morphogenesis:  An  investigation  of  the  nucleation 
of  the  inorganic  phase  in  the  presence  of  an  organic  matrix,  beginning  at  the 
embryonic  and  juvenile  stages  of  the  mollusk  and  comprehension  of  the  degree  to 
which  the  organic  matrix  controls  growth  will  assist  the  understanding  the  overall 
formation  and  shaping  of  the  shell. 

iv.  On  Biomimicking:  New  synthetic  strategies  are  necessary  to  process  thinner  ceramic, 
metal,  and  polymeric  layers  for  ceramic-metal  and  ceramic-polymer  composites  with 
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Figure  16  -  Atomic  resolution  transmission  electron  micrograph  of  a  low-angle  boundaiy  in  biogenic 
aragonite  in  nacre  of  abalone  displays  dislocation  core  structures  in  the  [001]  electron  beam  direction 
(recorded  at  400  kV).  Although  it  is  unusual  for  aragonitic  lattice,  as  an  ionic  crystal,  to  have  such 
defects,  they  are  common  substmctural  features  in  biogenic  aragonite  crystals. 

controlled  substructures  and  interfaces,  controlled  lamination  to  achieve  novel  layered 
composites  with  desired  microarchitecture. 

V.  On  Bioduplication:  Fundamental  studies  involving  in  vitro  isolation,  purification, 

and  self-assembly  of  various  components  of  the  shell  organic  matrices,  separately  and 
in  combination,  are  essential  as  the  ground  work.  These  would  be  followed  by 
biomineralization  of  CaC03  and  other  biogenic  ceramics  on  biogenic  or  engineered 
organic  matrices  under  controlled  conditions  leading  to  a  fundamental  understanding 
of  how  the  synthesis  and  structural  evolution  of  hard  biological  structures  might  be 
controlled.  Finally,  these  studies  would  open  up  new  avenues  in  bidupUcation  of 
technologically  more  significant  ceramics,  such  as  Fe304  and  BaTi03,  in  various 
morphological  forms  (particles,  platelets,  laminates,  and  thin  films). 
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Both  biomimicking  and,  eventually,  bioduplication  may  prove  invaluable  tools  for  the 
materials  engineer.  Using  these  methods  to  design  and  process  novel  materials  similar  to 
biogenic  multifunctional,  nanolaminated  composites  like  nacre,  however,  will  be  deferred 
until  we  answer  the  crucial  questions  discussed  regarding  the  structure  and  function  of  this 
and  similar  other  biocomposite  systems. 
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Alginate  as  a  Ceramic  Processing  Aid 

Nancy  B.  Pellerin,*  G.  L.  Graff,^  David  R.  Treadwell,* 
James  T.  Staley,’’^  and  Dhan  A.  Aksay* 


Alginic  acid  obtained  from  Macrocystis  pyrifera  (kelp)  has  been  used  in  a  novel 
way  to  produce  stable  suspensions  of  a-A/203  ceramic  particles  for  use  in  pro¬ 
ducing  a  high  (>40%)  packing  density  in  the  unfired  ceramic  material.  Native 
alginate  was  effective  in  producing  low-viscosity,  stable  suspensions  up  to  20 
vol%  of  solids;  however,  the  higher  viscosity  of  the  polymer  solution  interfered 
with  the  preparation  of  higher-solids  loading  suspensions.  The  hydrolysis  prod¬ 
ucts  of  alginic  acid,  polymannuronic  acid-  and  polyguluronic  acid-rich  frac¬ 
tions,  were  effective  in  producing  stable  suspensions  up  to  30  and  40  vol%, 
respectively.  The  higher  charge  density  of  polyguluronic  acid  appears  to  be 
responsible  for  its  more  effective  role  as  a  dispersant. 


KEY  WORDS:  ceramic  processing;  dispersants;  alumina;  alginate;  Macrocystic  pyrifera. 


INTRODUCTION 

Recent  progress  in  the  field  of  ceramics  has  focused  on  the  development  of 
highly  dense,  homogeneous  materials  for  new  applications  such  as  ceramic  en¬ 
gine  components  and  superconductive  composites  (Ulrich,  1990).  For  these 
applications,  nonclay  materials  such  as  alumina  (AI2O3)  are  synthesized  in  very 
small  (submicron)  sizes.  Submicron  particle  systems  yield  finer-grained  products 
after  sintering  provided  that  they  can  first  be  compacted  to  a  high-density  state 
with  a  uniform  pore  size  distribution.  However,  a  long-standing  problem  is  that 


'  Department  of  Microbiology  and  Advanced  Materials  Technology  Center,  Washington  Technology 
Centers,  University  of  Washington,  Seattle,  Washington  98195. 
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Washington  Technology  Centers,  University  of  Washington,  Seattle,  Washington  98195. 
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The  high  surface  charge  of  small  ceramic  particles  such  as  alumina  particles  prevents  them  from  dispersing 
evenly  in  aqueous  suspensions  and  forming  high-density  compacts.  However,  suspensions  of  400-nm-diameter 
alumina  particles  treated  with  alginate  from  the  bacterium  Azotobacter  vinelandii  were  well  dispersed.  The 
alginate  bound  firmly  to  the  particle  surface  and  could  not  be  removed  by  repeated  washing  with  distilled  water 
(2.82  mg  of  the  bacterial  alginate  adsorbed  to  1  g  of  the  alumina  particles).  Furthermore,  A.  vinelandii  grew 
and  produced  alginate  in  the  presence  of  up  to  15%  (vol/voi)  alumina  particles.  These  results  suggest  that  an 
in  situ  process  using  this  bacterium  to  coat  ceramic  particles  with  alginate  might  be  developed.  In  in  situ 
processing  experiments,  the  particle-packing  densities  were  significantly  increased  and  the  viscosities  of  5  and 
10%  (vol/vol)  suspensions  were  reduced  4-  and  60-foid,  respectively,  over  those  of  controls.  The  bacteria  were 
readily  removed  from  the  alumina  particles  by  washing. 


Since  prehistoric  times,  potters  have  prepared  clay  beds 
by  amending  them  with  organic  materials  such  as  urine, 
manure-water  mbctures,  and  tannin.  This  practice  of  “ag¬ 
ing”  made  the  clay  materials  more  plastic  and  therefore 
more  readily  workable  for  pottery  production. 

Early  in  the  20th  century,  several  scientists  performed 
experiments  that  implicated  microorganisms  in  clay  aging.  In 
1902,  Stover  noted  that  clays  which  were  sterilized  did  not 
exhibit  the  plastic  qualities  of  properly  aged  clays  containing 
bacteria  (23).  Furthermore,  when  the  sterilized  clay  was 
inoculated  with  previously  aged  clay,  it  acquired  the  work¬ 
ability  properties  of  normally  aged  clays  within  2  to  4  weeks. 
Spurrier  demonstrated  the  growth  of  filamentous  algae  in 
aging  clay  and  hypothesized  that  the  products  of  their 
growth  contributed  to  the  increase  in  plasticity  of  the  clay 
body  (22). 

Glick  (7,  8)  and  Baker  and  Glick  (3)  noted  that  clays  to  be 
used  in  the  manufacture  of  high-quality  ceramics  were  aged 
in  commercial  cellars  for  several  weeks  to  a  year.  New 
cellars  were  prepared  by  inoculating  fresh  clay  material  with 
small  of  amounts  of  well-aged  clays.  Several  bacteria  were 
isolated  from  the  seasoned  clays  and  identified  as  species  of 
Bacillus  and  Pseudomonas  as  well  as  of  other  genera. 

One  is  naturally  led  to  inquire  how  microorganisms  are 
able  to  increase  the  plasticity  of  clays.  Since  current  ceramic 
processing  employs  synthetic  polymers  as  dispersants,  we 
hypothesized  that  microbial  exopolymers,  such  as  polysac¬ 
charides  or  polypeptides,  are  responsible. 

Advanced  ceramic  techniques  for  the  production  of  highly 
dense,  fine-grained  products  employ  a  system  in  which 
particles  of  a  very  small  size  (<1  p,m  in  diameter)  or  powders 
are  evenly  dispersed  within  some  solvent  system  and  then 
concentrated  to  a  high  density  in  the  green  body  (i.e.,  the 
ceramic  object  before  firing  or  sintering).  Particles  of  such 
small  size  are  subject  to  strong  interparticle  interactions, 
such  as  the  van  der  Waals  force.  Alumina  in  particular  has  a 
mixture  of  positive  and  negative  surface  charges  which  at 


certain  pHs  (for  instance,  pH  8)  causes  agglomeration  in 
rough  aggregates  and  results  in  a  porous  product.  To  prevent 
this,  a  polyelectrolyte,  which  acts  by  providing  a  significant 
electrical  repulsion  between  particles,  may  be  used  as  a 
dispersant.  Currently,  synthetic  polymers  from  petrochemi¬ 
cals,  such  as  polymethaciylic  acid  (PMAA)  and  polyaciylic 
acid  (PAA),  are  used  as  dispersants  (5,  6).  However,  com¬ 
mercial  PMAA  may  contain  formaldehyde,  and  PAA  may 
contain  residual  amounts  of  acrylic  acid;  both  of  these 
chemicals  are  toxic.  Furthermore,  they  are  produced  from 
precursors  that  are  toxic  and/or  carcinogenic.  In  contrast, 
naturally  occurring  polymers  are  nontoxic  and  do  not  pose 
problems  of  disposal,  since  they  are  readily  degraded  by 
natural  processes. 

Earlier  studies  from  this  laboratory  showed  that  although 
the  bacterial  glycan  dextran  was  ineffective  as  a  dispersant, 
it  became  a  satisfactory  dispersant  of  alumina  when  it  was 
modified  chemically  to  produce  dextran  sulfate  (9a).  Like  the 
acrylate  polymers,  dextran  sulfate  has  an  acidic  side  group 
which  is  thought  to  be  the  important  feature  for  alumina 
dispersion.  However,  because  of  the  sulfate  groups,  dextran 
sulfate  is  not  completely  removed  by  sintering. 

Therefore,  we  set  out  to  determine  whether  naturally 
occurring  acidic  polymers  could  be  used  as  dispersants.  The 
first  naturally  occurring  acidic  polymer  that  we  studied  was 
alginate,  an  a-l-4-linked  linear  copolymer  of  fi-D-mannu- 
ronic  (M)  and  p-D-guluronic  (G)  acids  (10-12,  15)  synthe¬ 
sized  by  several  species  of  marine  algae  (4).  Polymers  with 
molecular  weights  of  about  5,000  were  found  to  be  satisfac¬ 
tory  dispersants  for  alumina  processing  (17a).  The  purpose 
of  this  study  was  to  determine  whether  bacterial  alginate 
from  Azotobacter  vinelandii  (9,  18)  would  also  serve  as  an 
effective  dispersant  of  ceramic  particles  and,  if  so,  whether 
an  in  situ  process  could  be  developed  to  produce  bacterial 
alginate  in  the  presence  of  ceramic  particles. 

MATERIALS  AND  METHODS 

Bacterial  cultivation.  A.  vinelandii  NCIB  8789  (National 
Collection  of  Industrial  Bacteria,  Aberdeen,  Scotland)  was 
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maintsincd  on  Larsen’s  broth  medium  (14)  in  cyst-stage 
cultures.  Cyst-stage  cultures  (stock  cultures)  were  subcul¬ 
tured  every  2  months  to  fresh  broth,  grown  at  iCPC  for  2 
days,  and  stored  at  4°C.  Working  cultures  were  subcultured 
from  the  stock  culture  when  needed.  The  composition  of 
normal  Larsen’s  broth  medium  is  as  follows:  sucrose  (or 
mannitol),  20  g;  K2HPO4,  1.0  g;  MgS04  •  THjO,  1.0  g; 
FeS04  ■  7H2O,  50  mg;  Na2Mo04  ■  2H2O,  5  mg;  CaClj,  50 
mg;  CH3COONH4,  2.3  g;  distilled  water,  1  liter;  the  pH  is 
6.5.  For  plate  cultures,  1.8%  agar  was  added  to  the  broth. 

Bacterial  counts  and  cyst  observations.  Bacterial  cells  were 
counted  by  standard  plate  count  techniques  on  solid  Lars¬ 
en’s  medium.  Cyst  formation  of /I,  vinelandii  was  observed 
directly  by  using  a  phase-contrast  microscope. 

Determination  of  polysaccharide  in  culture  suspensions. 
Bacteria  were  removed  from  the  culture  by  centrifugation  at 
22,000  X  g  for  40  min.  Polysaccharide  in  the  supernatant  was 
determined  by  the  /wefa-hydroxydiphenyl-sulfuric  acid  assay 
(17).  Mannitol  (20  g/liter)  was  used  in  place  of  sucrose  as  a 
carbon  source  in  the  growth  medium  because  of  its  minimal 
interference  with  the  colorimetric  analysis  when  this  assay 
was  used.  Low-viscosity  kelp  alginate  (Sigma)  was  used  as 
the  standard  for  this  assay.  Spectrophotometric  work  was 
conducted  with  a  Gilford  Response  II  spectrophotometer 
(Gilford  Instrument  Laboratories,  Oberlin,  Ohio)  or  a  Spec- 
tronic  20  spectrophotometer  (Bausch  &  Lomb,  Rochester, 
N.Y.). 

Polysaccharide  harvest.  A.  vinelandii  NCIB  8789  was 
shaken  in  the  Larsen’s  broth  at  30°C  for  5  days.  Bacterial 
cells  were  removed  by  centrifugation  at  22,000  x  g  for  40 
min.  Three  volumes  of  2-isopropanol  were  then  added  to  the 
supernatant  for  precipitation  (13).  The  precipitate  was 
washed  two  to  four  times  with  2-isopropanol  and  then 
dissolved  in  distilled  water  before  being  dialyzed  against 
distilled  H2O  overnight.  After  dialysis,  the  polysaccharide 
was  lyophilized. 

Kelp  alginate.  The  polymer  used  was  a  low-viscosity 
(approximately  250  cps  for  a  2%  solution  at  25°C)  kelp 
jdginate  (Sigma  Chemical  Company,  St.  Louis,  Mo.)  pro¬ 
duced  from  Macrocystis  pyrifera  (molecular  weight,  75,000 
to  100,000)  M/G  (mannuronic  acid/guluronic  acid)  ratio  of 
alginate  from  M.  pyrifera  has  been  reported  independently 
as  1.56  (20). 

Ceramic  particles.  The  ceramic  particles  used  in  this  study 
were  high-purity  (99.99%)  AI2O3,  with  an  average  particle 
diameter  of  400  nm  and  a  density  of  3.96  g/ml  (AKP-30, 
Sumitomo  Chemical  America,  Inc.,  New  York,  N.Y.). 

pH  adjustment  of  particle  suspensions.  Because  the  pH  of 
the  particle  suspension  is  affected  by  the  extent  of  mixing 
(2),  suspensions  for  sedimentation  tests,  rheological  mea¬ 
surements,  and  in  situ  cultures  were  mixed  for  more  than  0.5 
h  (in  some  situations,  overnight)  with  a  magnetic  stirrer.  The 
pH  was  initially  adjusted  to  the  experimental  value  and  then 
readjusted  to  the  same  value  after  mixing.  For  sedimentation 
tests,  the  pH  was  adjusted  to  between  pH  8.0  and  8.5,  a  pH 
range  which  is  the  best  for  observing  the  dispersion  effects  of 
the  bacterial  alginate  because  there  is  no  net  charge  on  the 
surfaces  of  the  alumina  particles. 

Sedimentation  tests.  Sedimentation  columns  were  pre¬ 
pared  by  adding  2%  (voWol)  AKP-30  powder  (for  the  in  situ 
tests,  this  was  5  to  10%  [voWol])  to  aqueous  solutions  with 
various  concentrations  of  the  polymer  (5,  6).  The  suspen¬ 
sions  were  sonicated  for  5  min  and  mixed  with  a  magnetic 
stirrer  for  0.5  h.  The  pH  of  the  suspension  was  adjusted  to 
the  experimental  value  (8.0  to  8.5)  before  the  final  volume 
was  brought  to  10  ml.  The  suspension  was  decanted  into  a 


conical-bottom,  graduated  polystyrene  tube  (Falcon  2095; 
Becton  Dickinson)  and  left  undisturbed  at  room  temperature 
for  3  to  4  weeks.  Final  sedimentation  heights  (cake  height  in 
milliliters)  were  measured  to  +/— 0.1  ml  and  converted  into 
wet  densities  in  the  following  way.  The  theoretical  cake 
height  of  a  2%  (voWol)  AKP-30  particle  suspension  in  10  ml 
of  water  is  0.2  ml.  One  milliliter  of  AKP-30  particles  weighs 
3.96  g;  therefore,  the  theoretical  packing  volume  of  0.792  g 
of  AKP-30  (2%  [vol/vol])  is  0.2  ml,  assuming  the  particles  are 
completely  packed.  This  value  was  divided  by  the  measured 
cake  height  (in  milliliters)  of  the  samples,  and  the  percentage 
was  then  calculated.  For  example,  if  the  measured  cake 
height  of  one  sample  is  0.5  ml,  its  wet  density  is  40%  of  the 
theoretical  value  ([0.2  mlAl.S  ml]  x  100%).  In  highly  packed 
ceramic  suspensions,  the  packing  density  approaches  100% 
(theoretical)  after  sintering. 

Viscosity  measurements.  Viscosity  measurements  were 
obtained  by  using  a  Rheometrics  Fluid  Spectrometer  (model 
8400;  Rheometrics  Inc.,  Piscataway,  N.J.).  Suspensions 
(about  15  ml)  for  viscosity  measurements  were  prepared  as 
described  for  the  sedimentation  tests. 

Washing  of  the  bacterial  alginate  from  the  AKP-30.  A 
200-ml  volume  of  Larsen’s  broth  with  mannitol  as  a  carbon 
source  was  inoculated  with  a  1-ml  suspension  of  A.  vinelan¬ 
dii  cells  and  shaken  at  SO^C  for  5  days.  The  culture  was 
centrifuged  at  22,000  x  g  for  40  min  to  remove  the  bacterial 
cells.  The  concentration  of  the  polymer  in  the  suspension 
was  determined  by  the  me/a-hydroxydiphenyl-sulfuric  acid 
assay.  Alumina  (5%  [voWol])  (5.94  g  of  AKP-30)  was  added 
to  28.5  ml  of  the  supernatant.  The  mixture  was  then  ultra- 
sonicated  (with  a  probe)  for  2  min  for  complete  mixing.  The 
suspension  was  adjusted  to  pH  8,  and  after  centrifugation  the 
concentration  of  the  alginate  remaining  in  the  supernatant 
was  determined  by  the  mera-hydroxydiphenyl-sulfuric  acid 
assay.  The  pellet  was  then  washed  three  times.  After  each 
washing,  the  polymer  concentration  of  the  supernatant  was 
assayed.  The  amount  of  the  polymer  bound  to  the  particles 
was  calculated  by  determining  the  difference  between  the 
total  amount  of  polymer  and  that  in  the  supernatant. 

Removal  of  bacterial  cells  from  the  in  situ  system.  The 
bacterium  was  cultured  with  a  5%  (voWol)  ceramic  particle 
suspension  at  30°C  for  5  days  on  a  shaker  and  then  centri¬ 
fuged  for  40  min  at  22,000  x  g.  This  resulted  in  three  layers: 
the  ceramic  particle  cake  at  the  bottom,  a  very  thin  layer  of 
bacterial  cells  in  the  middle,  and  the  spent  broth  (superna¬ 
tant)  at  the  top.  The  supernatant  was  decanted,  and  the  cell 
layer  at  the  top  part  of  the  particle  pellet  was  removed  by  a 
sterile  pipette.  The  newly  exposed  surface  was  then  washed 
8  to  10  times  with  sterile  saline  solution  (0.85%  NaCl)  to 
remove  loosely  associated  bacteria  before  the  pellet  was 
resuspended  in  sterile  water  to  the  original  volume.  Bacterial 
numbers  were  determined  in  this  suspension  by  plate  count¬ 
ing. 

Nutrient  limitation  tests.  A.  vinelandii  was  cultivated  in 
normal  Larsen’s  broth  for  about  24  h,  and  the  cells  were 
harvested  by  centrifugation.  The  cell  pellet  was  washed 
twice  and  then  suspended  in  sterile  saline.  A  sample  was 
removed  for  bacterial  enumeration,  and  1  ml  of  this  suspen¬ 
sion  was  inoculated  into  99  ml  of  modified  nutrient-deficient 
Larsen’s  broth.  Three  modified  Larsen’s  media  were  used. 
Modified  medium  1  (mannitol  only)  contained  only  mannitol 
(20  ^iter).  All  other  components  were  deleted.  Modified 
medium  2  (mannitol  plus  buffer)  contained  mannitol  (20 
g/liter),  but  the  K2HPO4  was  reduced  to  65  mg  and  32  mg  of 
KH2PO4  was  added;  MgS04  •  7H2O  was  reduced  to  40  mg, 
and  50  mg  of  FeS04  was  replaced  by  1.7  mg  of 
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Concentration  of  the  polymer  (%) 

(dry  weight  basis  of  AKP-30)  , 

FIG.  1.  Sedimentation  (wet  packing  density)  of  2%  (vol/vol) 
suspensions  of  AKP-30  alumina  (theoretical  wet  packing  density, 
100%)  with  kelp  (^  [17a])  and  bacterial  (®)  alginate.  All 
samples  were  adjusted  to  pH  8.0  to  8.5. 


FeClj  ■  4H2O.  Medium  3  (mannitol  plus  buffer  and  acetate) 
contained  the  same  ingredients  as  medium  2  but  was  also 
supplemented  with  1.5  g  of  sodium  acetate.  After  incubation 
for  96  h,  the  number  of  bacteria  and  the  concentration  of 
bacterial  alginate  were  determined. 

RESULTS 

Production  of  alginate  by  A.  vinelandii.  The  production  of 
alginate  during  growth  was  determined  by  sampling  batch 
cultures  periodically  and  analyzing  them  for  viable  cel! 
counts  and  alginate  production.  Bacterial  cell  numbers 
peaked  after  20  to  40  h,  and  cyst  production  (19)  began 
toward  the  end  of  logarithmic  growth  (between  40  to  60  h). 
Bacterial  alginate  secretion  corresponded  closely  with  the 
onset  of  cyst  formation,  i.e.,  in  the  late  logarithmic  to  early 
stationary  phase  of  growth.  The  yield  of  the  alginate,  which 
was  harvested  by  precipitation  from  culture  supernatants 
with  2-isopropanol,  ranged  from  0.8  to  1.2  g  (dry  weight)  per 
liter  of  broth  at  the  end  of  4  days  of  culture. 

The  range  of  the  M/G  ratio  of  alginate  from  A.  vinelandii 
was  reported  to  be  0.53  to  0.58  (14),  which  is  lower  than  that 
of  the  kelp  alginate  from  Macrocystis  pyrifera,  reported  to 
have  an  M/G  ratio  of  1.56  (20).  The  viscosity  of  the  bacterial 
alginate  was  reported  to  be  influenced  by  the  addition  of 
salts,  the  M/G  ratio,  and  the  molecular  weight  (16). 

Bacterial  alginate  as  a  dispersant.  The  alginate  obtained 
from /I.  vinelandii  cultures  was  tested  for  its  ability  to  act  as 
a  dispersant  by  preparation  of  2%  (vol/vol)  suspensions  of 
alumina  particles.  The  resulting  wet  particle-packing  densi¬ 
ties  showed  clearly  that  bacterial  alginate  was  an  effective 
dispersant  (allowing  for  increased  wet  packing  density  rela¬ 
tive  to  the  control)  and  acted  in  a  manner  similar  to  that  of 
kelp  alginate  (Fig.  1).  The  maximum  wet  packing  density 
occurred  with  a  0.5%  concentration  of  the  alginate  (dry 
weight  basis  of  poljmer  to  particles)  for  both  alginates. 

In  situ  production  of  alginate.  The  foregoing  results  indi¬ 
cate  that  bacterial  alginate  can  be  used  as  a  dispersant  for 
ceramic  particles.  The  question  arises  as  to  the  most  expe¬ 
dient  method  that  could  be  used  to  deliver  the  alginate  to  the 
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FIG.  2.  Growth  of  A.  vinelandii  at  various  solids  loadings  of 
alumina  inoculated  with  3.4  x  10*  cells  per  ml. 


particles.  The  most  direct  means  of  doing  this  would  be  an  in 
situ  process  in  which  the  bacterium  is  grown  with  the 
particles  while  it  produces  the  alginate.  Therefore,  we  initi¬ 
ated  work  to  determine  whether  the  bacterium  could  be 
grown  in  the  presence  of  the  particles,  while  producing  the 
alginate  at  the  same  time.  This  concept  was  tested  using  5, 
10,  and  15%  (vol/vol)  alumina  suspensions  inoculated  with 
3.0  X  10-^  bacterial  cells  per  ml  of  Larsen’s  medium  and 
incubated  at  30°C  for  4  days.  Before  inoculation,  the  pHs  of 
all  samples  were  adjusted  to  7.4  (for  bacterial  growth)  and 
were  readjusted  to  8.0  to  8.5  (for  sedimentation  and  viscosity 
measurements)  after  culturing. 

Organisms  grew  at  all  concentrations  of  alumina,  although 
bacterial  yields  were  progressively  reduced  at  higher  alu¬ 
mina  concentrations  (Fig.  2).  The  bacterial  numbers  in  the 
cultures  increased  to  5.1  x  10’,  7.5  x  10®,  and  8.2  x  10®  per 
ml  of  suspension  from  the  inoculum  concentration  of  3.0  x 
10®/ml  for  the  5, 10,  and  15%  (vol/vol)  suspensions,  respec¬ 
tively.  A  control  culture  without  alumina  increased  to  3.1  x 
10®/ml  during  the  4-day  incubation  period.  As  the  concentra¬ 
tion  of  the  particles  increased  incrementally  by  5%  (vol/vol), 
the  bacterial  cell  yield  was  reduced  about  10-fold.  This 
reduced  yield  may  be  attributable  to  reduced  oxygen  con¬ 
centrations,  to  pH  effects  of  the  alumina,  or  to  some  other 
unknown  factor.  The  polymer  was  detected  in  the  superna¬ 
tant  of  each  culture  after  incubation. 

We  next  evaluated  whether  the  particles  became  coated 
with  the  polymer  during  growth  of  the  bacterium.  The  5  and 
10%  (vol/vol)  suspensions  which  had  been  incubated  with/1. 
vinelandii  and  their  sterile  controls  were  adjusted  to  the 
same  pH  before  being  tested.  Sedimentation  test  results 
showed  that  the  particle  packing  was  twice  as  dense  as  that 
in  the  untreated  sterile  control  for  the  5%  (vol/vol)  suspen¬ 
sion  and  two  and  one-half  times  as  dense  than  that  in  the 
untreated  sterile  control  for  the  10%  (vol/vol)  suspensions 
(Fig.  3).  These  results  indicated  that  the  poh^er  was  being 
produced,  coating  the  particles,  and  facilitating  more  dense 
packing  of  the  particles  in  the  sedimented  cake. 

Suspension  viscosity  is  another  method  of  assessing  the 
effectiveness  of  a  dispersant.  Well-dispersed  systems  are 
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FIG.  3.  Particle-packing  density  resulting  from  in  situ  processing 
of  alumina  particles  by  growing  cultures  of  A.  vinelandii  in  the 
presence  of  5%  (volVol)  alumina  ( ^ )  versus  that  in  the  sterile 
control  (■■)  and  in  the  presence  of  10%  (volA'ol)  alumina  ) 
versus  that  in  the  sterile  control  (■■).  Before  sedimentation  col¬ 
umns  were  prepared,  the  pH  was  adjusted  to  the  same  value  as  that 
of  the  sterile  control. 


characterized  by  low  viscosities  due  to  repulsive  particle- 
particle  interactions  in  suspension  (1,  6).  The  viscosities  of 
the  inoculated  5  and  10%  (volA'ol)  suspensions  were  reduced 
fourfold  (from  0.48  to  0.12  P  10  sec"^)  and  60-fold  (from  6.0 
to  0.1  P  10  sec“')  compared  with  those  of  the  controls. 

One  of  the  problems  encountered  in  the  in  situ  processing 
of  ceramic  materials  is  the  possible  deleterious  effect  of  the 
bacterial  cells  on  the  quality  of  the  final  ceramic  product. 
Ideally,  cells  should  be  either  grown  separately  from  the 
particles  by  using  a  filter  system  or  removed  after  they  have 
been  grown  in  the  presence  of  the  particles.  Since  we  grew 
cells  in  direct  contact  with  the  particles,  we  were  interested 
in  determining  whether  cells  could  be  readily  removed 
without  removing  the  polymer.  To  study  this,  successive 
washings  were  undertaken  to  determine  whether  bacterial 
cells  could  be  removed  from  the  particles  (Table  1).  After 
cultivation  for  5  days  at  30°C,  bacterial  cell  numbers  in  the  in 
situ  system  were  5.6  x  10’  per  ml  of  particle  suspension  (a 
mixture  of  bacterial  cells,  particles,  and  nutrient  solution) 
before  washing.  Cell  counts  in  the  pellet  gradually  decreased 
after  each  successive  washing  with  sterile  saline  solution. 
After  the  fifth  washing,  there  were  only  85  cells  per  ml  of  the 
pellet  suspension.  Therefore,  the  bacterial  cells  do  not  bind 


TABLE  2.  Adsorption  of  alginate  to  alumina  particles” 


Treatment  stage 

Alginate  (mg)  in  28.5 
ml  of  supernatant 

Alginate 
adsorbed  {%) 

Before  addition  of  alumina 

26.42 

After  addition  of  alumina* 

9.66 

Wash  no.: 

1 

0.143 

99.1 

2 

0 

99.1 

3 

0 

99.1 

“  Data  are  averages  of  three  tests. 

*  The  alumina  was  removed  from  suspension  by  centrifugation.  The  amount 
of  alginate  adsorbed  by  the  particles  was  determined  by  subtracting  the 
amount  remaining  after  the  alumina  was  removed  from  the  amount  present 
initially,  i.e.,  16.76  mg  of  bacterial  alginate  was  adsorbed  by  5.94  g  of  AKP-30 
particles. 


Strongly  to  the  particles  and  are  readily  removed  by  succes¬ 
sive  washings. 

Separate  experiments  using  particles  and  cell-free  culture 
supernatant  containing  bacterial  alginate  were  conducted  to 
assay  the  amount  of  polymer  adsorbed  to  the  particles  and 
the  strength  of  that  adsorption  (Table  2).  In  contrast  to  the 
results  obtained  for  the  bacterial  cells,  washing  had  little 
effect  on  the  removal  of  polymer  bound  to  the  alumina 
surface.  Thus,  when  the  alumina  (5.94  g)  was  added  to  the 
supernatant  containing  the  polymer  (26.42  mg  in  28.5  ml  of 
supernatant)  and  removed  subsequently  by  centrifugation,  it 
had  adsorbed  16.76  mg  of  the  alginate.  By  calculation,  it  was 
determined  that  a  total  of  2.82  mg  of  bacterial  alginate  was 
adsorbed  per  g  of  AKP-30  particles.  After  the  first  washing 
of  the  adsorbed  particles,  only  0.143  mg  was  detected  in  28.5 
ml  of  supernatant,  and  none  could  be  detected  after  further 
washing.  Therefore,  more  than  99%  of  the  polymer  that  was 
initially  bound  remained  adsorbed  to  the  particles  even  after 
three  successive  washes. 

Use  of  nongrowing  cells  for  in  situ  processing.  One  logical 
route  to  consider  for  in  situ  ceramic  processing  is  the  use  of 
pregrown  bacterial  suspensions  that  are  capable  of  alginate 
production  under  nongrowing  conditions.  This  would  allow 
polymer  production  under  conditions  of  greater  control  over 
pH,  carbon  source  concentration,  mineral  base  medium 
composition,  and  cell  concentrations,  all  of  which  would  be 
expected  to  have  some  influence  on  an  in  situ  process. 
Furthermore,  a  condition  might  be  found  in  which  polymer 
production  could  be  accomplished  by  a  minimum  bacterial 
biomass,  since  bacterial  cells  would  be  undesirable  in  the 
final  product. 

For  this  purpose,  washed  suspensions  of  A.  vinelandii 
cells  were  inoculated  into  the  three  different  nutrient-defi¬ 
cient  media  (Table  3).  Growth  did  not  occur  in  either 
modified  medium  1  (mannitol  only)  or  modified  medium  2 


TABLE  1.  Removal  of  A.  vinelandii  cells  from  alumina 
particles  by  washing 


Treatment  stage 

Viable  cells  per  ml  of 
suspended  pellet® 

Before  washing . 

.  5.6 

X 

10’ 

Wash  no.: 

1 . 

.  3.2 

X 

10* 

2 . 

.  1.3 

X 

10* 

3 . 

.  8.2 

X 

i(p 

4 . 

.  4.8 

X 

10* 

5 . 

.  8.5 

X 

10' 

“  Viable  counts  are  averages  of  three  replicate  plates  and  three  repeated 
experiments. 


TABLE  3.  Production  of  alginate  in  nutrient  limitation  tests'* 


Medium 

Final  cell  yield 
(cells/ml) 

Amt  of  polyuronic  acid 
present  [pg/ml 
(pg/l,0(K)  cells)] 

Larsen’s 

Modified  medium: 

3  X  10® 

810  (2.7) 

1 

3.0  X  10* 

5.8  (20) 

2 

3.2  X  10* 

30.5  (100) 

3 

5.0  X  10* 

495.4  (100) 

®  Experimental  cultures  were  inoculated  with  2.8  x  10*  cells  per  ml  and 
incubated  for  96  h;  data  are  averages  of  two  experiments. 
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(mannitol  plus  buffer).  In  modified  medium  1,  the  yield  of  the 
alginate  was  veiy  low  (only  5.8  pg/ml),  but  in  modified 
medium  2  alginate  production  was  30.5  (xg/ml,  or  100  ng  per 
1,000  cells.  This  yield  compared  favorably  with  the  yield  per 
cell  in  modified  medium  3  (mannitol  plus  buffer  plus  acetate); 
however,  greater  growth  occurred  in  medium  3  because  of 
the  added  acetate.  In  contrast,  under  normal  growth  condi¬ 
tions  in  Larsen’s  medium  the  bacterium  produced  only  2.7 
ng  of  alginate  per  1,000  cells.  In  all  media  tested,  the  bacteria 
lost  motility  and  developed  to  the  cyst  stage. 

DISCUSSION 

Clay  aging  resembles  other  empirical  processes  developed 
by  humans,  such  as  alcoholic  and  lactic  fermentations  and 
bread  leavening,  that  have  unwittingly  involved  micrMrgari- 
isms.  However,  the  actual  mechanism  that  underlies  this 
microbial  aging  process  is  still  only  poorly  understood.  The 
results  of  this  study  suggest  that  the  production  of  natural 
acidic  bacterial  exopolymers  is  the  underlying  explanation 
for  this  phenomenon. 

The  kelp  and  the  bacterial  alginates  had  comparable 
suspension  behaviors,  suggesting  that  they  have  similar 
physiocochemical  properties.  The  alginate  from  A.  vinelan- 
dii  is  not  only  structurally  similar  to  the  alginate  from  marine 
algae  (both  alginates  contain  blocks  of  M,  blocks  of  G,  and 
blocks  of  MG),  but  it  also  contains  the  same  ratio  of  poly(G) 
to  poly(M)  that  the  alginate  from  marine  algae  does  (21).  The 
primary  difference  between  the  alginate  from  A.  vinelandii 
and  algae  is  that  0-acetyl  groups  are  associated  with  some  of 
the  M  residues  of  the  former.  However,  the  ester-linked 
acetate  groups  do  not  contribute  to  the  charge  on  the 
polymer  (24,  25). 

It  is  of  interest  that  the  polysaccharide  concentration  tor 
best  sedimentation  is  about  0.5%  (Fig.  1),  which  is  close  to 
the  concentration  at  which  the  polymer  was  fully  adsorbed 
to  the  particles  (0.3%)  (Table  2).  Too  little  or  too  much 
polysaccharide  resulted  in  poorer  sedimentation.  This  result 
also  agrees  with  the  results  obtained  with  other  polymers 
(17a).  If  insufficient  polymer  is  present,  dense  packing  can¬ 
not  occur.  If  excess  polymer  is  present,  the  polymer  inter¬ 
acts  with  itself  to  cause  gelling,  leaving  void  spaces  in  the 
cake.  Thus,  the  poorer  packing  density  found  at  the  lower 
concentration  of  alumina,  i.e.,  5  versus  10%  (volA'ol)  in  the 
in  situ  growth  experiment,  is  likely  due  to  excess  alginate 
production.  It  was  also  observed  that  the  adsorption  of 
polymer  can  be  influenced  somewhat  by  other  experimental 
conditions,  including  ultrasonication  time  and  the  pH  of  the 
sample  suspension  (data  not  shown). 

The  high  affinity  of  the  polymer  for  the  particles  was 
demonstrated  by  the  experiments  in  which  the  coated  parti¬ 
cles  were  subjected  to  several  successive  washings  in  dis¬ 
tilled  water  (Table  2).  Over  99%  of  the  polysaccharide 
remained  adsorbed  to  the  particles  even  after  three  wash- 
ings. 

From  the  results  of  these  experiments,  it  is  possible  to 
calculate  the  number  of  ceramic  particles  that  can  be  coated 
with  the  alginate  produced  by  a  single  A.  vinelandii  cell 
(assuming  growth  on  modified  medium  2  and  an  alumina 
particle  radius  [r]  of  200  nm).  From  the  polysaccharide 
adsorption  data  (Table  2),  we  know  that  about  2.82  mg  of 
alginate  are  required  to  coat  1  g  of  particles  and  that  this 
amount  of  polymer  is  produced  by  about  2.82  x  10  cells  of 
A.  vinelandii  (Table  3).  Thus,  in  theory,  the  alginate  pro¬ 
duced  by  a  single  bacterial  cell  from  medium  2  can  coat 
about  2.8  X  1(F  AKP-30  particles. 


The  results  of  this  study  indicate  that  ..4.  vinelandii  can  be 
used  in  an  in  situ  process.  We  have  demonstrated  that  A. 
vinelandii  can  grow  and  produce  the  alginate  in  15%  (volA'ol) 
aqueous  suspensions  of  alumina  (60  g  of  particles  per  100  ml 
of  suspension).  Furthermore,  whereas  bacterial  cells  do  not 
adhere  strongly  to  the  particles  and  can  be  easily  removed  by 
washing,  the  alginate  they  produce  is  strongly  bound  to  the 
particles  and  cannot  be  removed  by  repeated  washings. 
Moreover,  only  a  small  number  of  nongrowing  cells  is 
required  to  coat  a  large  number  of  particles.  While  it  was  not 
the  intent  of  this  study  to  design  a  specific  procedure  for  a 
commercial  in  situ  process  for  coating  advanced  ceramic 
materials,  the  results  of  this  study  should  be  useful  for 
anyone  who  wishes  to  develop  such  a  process  using  the 
alginate-producing  bacterium  >1.  vinelandii. 

In  addition,  the  results  of  this  study  suggest  that  commer¬ 
cial  pottery  manufacture  with  natural  clays  could  benefit 
from  a  fuller  understanding  of  the  microbiology  of  the  aging 
process.  Perhaps  the  use  of  appropriate  bacterial  inocula, 
carbon  sources,  and  other  nutrients  could  improve  polymer 
production,  dramatically  hasten  the  seasoning  process,  and 
make  it  more  reproducible  and  efficient,  like  commercially 
controlled  alcoholic  and  lactic  fermentations. 
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Abstract 


Carboxylic  acids,  which  contain  one  to  three  negatively  charged  —COO*  group{s),  were 
investigated  as  dispersion  additives  in  the  processing  of  the  ceramic  particles.  A  total  of  21  of 
these  carboxylic  acids  were  examined  for  dispersion  by  sedimentation  tests  in  this  study.  Only 
carboxylic  acids  containing  more  than  one  hydroxyl  group  were  able  to  disperse  the  AI2O3 
particles  (AKP-30  SumitomO  Co.,  400  nm  diameter, )  in  aqueous  suspensions.  The  packing 
densities  of  the  ceramic  particle  suspensions  varied  from  30  %  to  50  %  of  the  theoretical 
depending  on  the  numbers  of  hydroxyl  groups  and  carboxyate  groups.  Four  carboxylic  acids, 
citric  acid,  tricarballylic  acid,  meso-tartaric  acid  and  fumaric  acid,  were  studied  in  detail  by 
measurements  of  zeta  potential,  particle  packing,  and  dispersant  adsorption  characeristics  to 
compare  their  dispersion  behavior.  These  detailed  studies  further  indicate  that  carboxylic  acid 
groups  and  hydroxyl  groups  are  both  important  for  dispersion  of  the  ceramic  particles.  Thus, 
organic  acids  containing  only  the  negatively  charged  carboxylate  group  do  not  disperse  ceramic 
particles  in  aqueous  suspensions.  Hydroxyl  groups  are  also  necessary.  Citric  acid  was  found  to  be 
an  excellent  dispersant  by  itself.  Using  it  alone  resulted  in  attaining  a  high  solids  loading 
concentration  of  greater  than  50  vol%  of  AKP-30  particles  and  a  viscosity  lower  than  1 ,000  cPs. 
From  the  study,  it  can  be  concluded  that  the  hydroxyl  group  associated  with  the  carboxylic  acid 
increases  the  adsorption  of  the  acidic  monomer  molecules  to  the  ceramic  particle  surface 
(adsorption  measurement)  and  therefore  increases  the  surface  charge  of  the  particles  (zeta 
potential  measurement  up  to  -68  mV).  This  high  surface  charge  results  in  a  stronger  charge 
repulsion  between  the  particles  and  therefore  provides  better  dispersion  stabilization  in  the 
aqueous  suspension. 


Introduction 


New  significant  developments  in  the  preparation  of  advanced  ceramics  have 
focused  on  improvements  of  materials  properties  (1,2).  It  is  especially  important  to 
improve  the  resistance  to  cracking  and  fracture  by  reducing  or  removal  of 
microstructure  voids  and  defects.  Therefore  it  is  important  to  obtain  high  densities 
in  preparation  of  ceramic  products  to  reduce  the  weakness  of  the  finished  parts, 
since  high  packing  densities  can  minimize  void  volumes  and  internal  stress  by 
forcing  the  particles  to  pack  in  a  highly  ordered  space-filling  array  (3,4,5).  Recent 
advances  indicate  that  significant  improvements  in  attaining  high  packing  densities 
in  ceramics  processing  can  be  achieved  by  control  of  dispersion  and  colloid 
rheology.  However,  particles  of  such  small  size  are  subject  to  strong  interparticle 
interactions,  such  as  the  van  der  Waals  force,  which  could  cause  agglomeration  in 
rough  aggregates  and  result  in  a  porous  product.  To  prevent  this  and  produce  a 
high  packing  densities,  polyelectrolytes,  which  act  by  providing  a  significant 
electrical  repulsion  between  particles,  can  be  used  as  dispersants.  Currently, 
synthetic  polymers  from  petrochemicals,  such  as  polymethacrylic  acid  (PMAA) 
and  polyacrylic  acid  (PA A)  are  used  as  dispersants  (6, 7...).  Similarly,  previous 
work  from  this  laboratory  has  shown  that  biologically  produced  polyelectrolytes 
such  as  Kelp  and  bacterial  alginate  and  bacterial  polyglutamic  acid  also  function  as 
dispersants  in  ceramic  processing  (8,9,10).  However,  synthetic  and  biological 
polymers  have  several  major  limitations  1)  polydispersant  layers  may  be  too  thick 
to  allow  high  packing  densities;  2)  the  polyelectrolyte  may  not  be  compatible  with 
useful  gelling  biopolymer  matrices  (12);  3)  commercial  cost;  and  4)  specifically,  in 
the  case  of  the  synthetic  polymers  PMAA  and  PAA,  lack  of  biodegradability. 

Graff  (11),  Cesarano  and  Aksay  (6,12),  and  others  (check  the  ref.  in  Cesarano' 
thesis)  indicate  that  polymers  may  form  many  loops  and  tails  that  away  from  the 
particle  surface  thereby  increasing  the  thickness  of  the  polymer  layer  on  the 
particle  surface  and  preventing  close  particle  packing.  In  this  case  the  lower  the 
molecular  weight  of  the  polyelectrolyte,  the  better  the  dispersion  of  particles.  With 
a  molecular  weight  of  about  5,000  D  (6,7,12),  PMAA  produced  the  best  dispersion 
behavior  when  compared  to  other  polymers  of  higher  molecular  weight. 
Unpublished  data  from  this  laboratory  also  indicate  that  in  aqueous  solutions, 
polymers  with  higher  molecular  weights  can  interact  with  themselves  to  form  gel 
structures  which  increase  the  viscosity  of  the  suspension  system  and  limit  the 
otherwise  good  dispersion  performance  of  the  polyelectrolyte.  Furthermore, 


PMAA  may  contain  formaldehyde,  and  PA  A  may  contain  residual  amounts  of 
acrylic  acid,  both  are  toxic  and  are  produced  from  precursors  that  are  toxic  and/or 
carcinogenic.  Additionally,  all  synthetic  and  biologically  produced  polymers  are 
expensive  to  synthesize,  harvest,  isolate  and  purify. 

This  study  was  undertaken  to  investigate  the  use  of  monomers  as  dispersants. 
The  compounds  tested  comprise  a  group  of  carboxylic  acids. 


Materials  and  Methods 


(1)  Materials  and  Chemicals 

Ceramic  particles.  The  ceramic  particles  used  in  this  study  were  high-purity 
(99.99%)  AI2O3,  with  an  average  particle  diameter  of  4(X)  nm  and  a  density  of 
3.96  g/ml  (AKP-30,  Sumitomo  Chemical  America,  Inc.,  New  York,  N.Y.). 

Carboxylic  acids.  Carboxylic  acids  and  their  salts  used  in  this  study  are  listed 
in  Table  1.  All  are  commercially  available  from  Sigma  Chemical  Company  (St, 
Louis,  Mo)  and/or  Aldrich  Chemical  Company,  Inc.  (Milwaukee,  WI). 

The  water  used  was  distilled  and  deionized.  The  pH  was  adjusted  with 
standardized  analytical-grade  HCI  and  NaOH  solutions. 

(2)  Experimental  Methods 

Preparation  of  the  suspensions.  The  preparation  of  the  suspensions  for  all 
purposes  in  this  study  was  performed  in  following  manner:  a  specific  vol%  of 
AKP-30  particles  was  added  to  the  aqueous  system  (distilled  water  or  acid 
solution).  This  suspension  was  stirred  for  about  half  hour  and  its  pH  was  roughly 
adjusted  to  the  desired  value.  The  suspension  was  ultrasonicated  for  3-6  min  at  58 
W  (Fisher  Sonic  Dismembrators  Model  300)  and  the  pH  was  constantly  monitored 
and  adjusted  for  at  least  0.5  h  (most  samples,  overnight)  so  that  it  was  always 
within  0.05  unit  of  the  desired  pH  value.  This  comprised  the  ceramic  suspensions 
used  in  the  experiments  below. 

Sedimentation  tests.  Sedimentation  columns  of  2  vol%  AKP-30  powder  with 
various  concentrations  and  types  of  carboxylic  acids  were  prepared  as  described 
above.  10  mL  of  each  suspension  was  then  poured  into  a  conical-bottom, 
graduated  polystyrene  tube  (Falcon  2095;  Becton  Dickinson)  and  left  undisturbed 
at  room  temperature  for  3  weeks.  Final  sedimentation  heights  (cake  height  in 
milliliters)  were  measured  to  +/-0. 1  mL. 

Viscosity  measurements.  The  viscosity  of  the  suspensions  with  a  certain 
volume  percent  of  particles  was  measured  by  a  Rheometrics  Fluid  spectrometer 
(Model  8400;  Rheometrics  Inc.,  Piscataway,  N.J.).  Suspensions  (about  15  mL)  for 
these  measurements  were  prepared  as  described  above. 

Zeta  potential  measurements.  Electrophoretic  mobility  was  measured 
(ZETASIZER  3  from  Malvern  instruments.  Laser  Electrophoresis  Analyses)  and 
used  to  calculate  zeta  potential  according  to  Henry's  equation  (ref.).  These 
measurements  can  only  be  completed  on  very  dilute  suspensions.  Therefore,  the 


prepared  ABCP-30  suspensions  were  centrifuged  and  the  supernatant  was  carefully 
decanted  into  a  beaker,  subsequently,  a  very  minute  amount  of  the  sediment  was 
remixed  with  the  supernatant. 

Fraction  dissociation  determination  of  the  carboxylic  acids.  A  given 
carboxylic  acid  at  1  M  concentration  was  titrated  with  2  M  NaOH  solution  (when 
titrating  di-carboxylic  acids)  or  3  M  (when  titrating  tri-carboxylic  acids).  The 
amounts  of  the  titrant  consumed  at  each  pH  point  was  recorded  gradually  from  the 
beginning  pH  (about  2)  to  the  equivalence  point.  From  this  information  the 
fractions  of  titrant  consumed  at  each  point  to  the  titrant  consumed  at  the 
equivalence  point  were  calculated  and  the  curve  of  fraction  dissociated  versus  pH 
was  drawn. 

Adsorption  of  acid  to  the  particle.  Suspensions  of  20  ml  10  vol%  AI2O3 
were  prepared  with  0.5  and  1%  (dry  weight  basis)  of  carboxylic  acids  at  various 
pHs  (4,6  and  9).  The  suspensions  were  then  centrifuged  for  30  min.  at  10,000  rpm 
after  the  samples  were  stirred  overnight  and  the  pH  was  readjusted.  10  mL  of  the 
supernatant  was  then  titrated  to  determine  the  amount  of  acid  remaining  in 
solution.  From  the  difference  between  the  amounts  of  the  titrant  added  to  the 
corresponding  blank  solurion  and  the  sample  supernatant,  the  adsorption  of  the  acid 
to  the  particles'  surface  at  a  specified  pH  was  calculated. 


Results 


(1)  Dispersion  of  the  alumina  suspension  by  carboxylic  acids  with 
hydroxyl  groups 

A  total  of  21  carboxylic  acids  were  evaluated  for  their  dispersion  behavior. 
Most  of  them  are  acidic  and  have  one,  two,  three  or  four  carboxylate  groups.  Table 
1  shows  their  molecular  structures,  pKa  values,  molecular  weights  and  solubility 
data.  The  sedimentation  results  are  shown  in  Table  2  and  Figure  1.  Tartaric  acid, 
citric  acid,  mucic  acid  produced  the  best  dispersion  with  the  ceramic  suspension 
and  malic  acid,  tartronic  acid,  mesoxalic  acid  provided  some  dispersion  effect. 
These  results  are  shown  schematically  in  Table  3.  From  the  molecular  structure,  it 
can  be  seen  that  tartaric  acid,  citric  acid,  mucic  acid,  malic  acid,  tartronic  acid  and 
mesoxalic  acid  all  contain  hydroxyl  gToup(s).  In  contrast  succinic  acid,  maleic 
acid,  tricarballylic  acid,  aconitic  acid,  and  adipic  acid  do  not  contain  this  group. 
When  the  various  organic  acids  that  are  structurally  similar  to  one  another  are 
compared  by  molecular  weight  and  pKa  value,  the  hydroxyl  group  was  the 
principal  difference  between  those  producing  good  versus  poor  dispersion. 

The  viscosity  measurement  gave  similar  results.  With  citric  acid  and  tartaric 
acid,  AKP-30  ceramic  particle  suspensions  with  solid  concentrations  as  high  as  50 
vol%  could  be  prepared  with  a  viscosity  lower  than  1,000  cP.s.  On  other  hand,  it 
was  difficult  to  prepare  ceramic  suspensions  with  a  solids  concentration  higher  than 
20  vol%  when  succinic  acid,  malic  acid,  tricarballylic  acid,  aconic  acid  or  adipic 
acid  were  used  as  dispersants. 

(2)  Comparison  of  dispersion  versus  the  particle  surface  charge 

Two  pairs  of  carboxylic  acids,  citric  acid  versus  tricarballylic  acid,  and  meso- 
tartaric  acid  versus  fumaric  acid  were  chosen  for  more  detailed  investigation  of 
sedimentation  and  surface  charge  under  various  acid  concentrations.  These  two 
pairs  were  chosen  because  in  each  pair,  the  two  acids  (for  example,  meso-tartaric 
acid  and  fumaric  acid)  have  similar  molecular  structures,  molecular  weights  and 
especially  close  pKa  values  (since  the  difference  of  pKa  could  result  in  different 
dissociation  of  the  acid  groups  in  aqueous  solution).  In  fact,  the  difference  of  the 
dissociation  between  comparied  carboxylic  acids  is  not  key  case  (will  discussed 
below).  The  sedimentation  and  zeta  potential  results  of  citric  acid  and  tricarballylic 
acid  with  various  concentrations  of  the  acids  are  shown  in  Figures  2,  3, 4  and  5.  In 
Figure  2  all  samples  (except  the  samples  at  pH  4)  at  pH  6,  8, 9,  and  10  produced 


the  lowest  cake  heights  (about  0.5  ml  in  this  test)  when  the  concentration  of  citric 
acid  in  the  suspension  was  increased  to  0.3  %  (dwb).  At  pH  4,  the  cake  height  was 
lowest  without  any  citric  acid  and  eventually  increased  as  the  concentration  of  the 
acid  increased  to  achieve  a  maximum  at  0.4  %.  After  this,  the  cake  heights  of  the 
samples  plateaued  at  about  1.2  ml.  This  effect  was  thought  to  be  due  to  incomplete 
adsorption  of  the  acid  by  the  particles  (6,7).  Trace  amounts  of  citric  acid  (<0.1%, 
except  at  pH  4)  induced  flocculation  and  resulted  in  large  sedimentation  volumes. 
This  occurred  because  the  binding  energy  between  the  particles  is  high  and  the 
particle  clusters  that  form  during  consolidation  behave  as  rigid  flow  units  and  do 
not  pack  densely.  In  contrast,  at  concentrations  at  and  above  about  0.2%  citric 
acid,  the  binding  energy  between  particles  is  low  and  the  particle  clusters  display  a 
relatively  denser  packing  structure  (6,12).  Similar  to  PMAA,  it  can  be  observed 
that  small  additions  (<0.2%)  of  citric  acid  neutralize  charge  and  induce  subsequent 
flocculation.  In  this  regime,  flocculation  is  mainly  due  to  electrostatic  patch  model 
flocculation  (12).  This  type  of  flocculation  takes  place  because  negatively  charged 
patched  due  to  the  adsorbed  carboxylic  acid  are  attracted  to  positively  charged 
patches  of  surface  on  other  particles  (12). 

These  dispersion  behaviors  correlate  with  and  can  be  explained  by  zeta 
potential  experiments.  Figure  3  shows  that  with  increasing  citric  acid 
concentration,  the  zeta  potential  decreases  to  zero  ( at  pH  4  and  6)  and  then 
reverses  sign  and  increases  in  the  negative  direction.  With  pH  8, 9,  and  10, 
suspensions  the  zeta  potential  is  near  zero  or  already  negative,  so,  as  the 
concentration  of  the  citric  acid  increases,  the  zeta  potential  continues  to  increase  in 
negative  direction.  Above  0.2%  acid  ,  the  zeta  potential  approaches  a  nearly 
constant  value  of  -65  mV  (at  pH  4  this  is  33  mV).  This  value  may  reflect  the 
saturated  monolayer  of  citric  acid. 

From  the  curve,  it  can  also  be  concluded  that  the  higher  the  pH  of  the  samples, 
the  earlier  the  cake  height  reaches  its  highest  point  (e.g.,  flocculation).  This  is 
because  the  lower  the  pH,  the  greater  the  number  of  positive  sites  on  the  particle 
surface  (ref.  from  Cesarasno').  Therefore,  a  sample  with  lower  pH  (for  instance, 
pH  4)  needs  to  adsorb  more  acid  to  achieve  saturation. 

At  pH  4  the  dispersion  result  is  different  from  the  other  pHs,  and  this  may  also 
be  due  to  the  surface  charge  property  of  the  particles.  At  this  pH,  the  particle  is 
much  more  positively  charged  so  its  net  surface  charge  is  positive  (about  65  mV) 
sufficiently  high  to  disperse  each  other  without  any  acid  added.  However,  the 
machanism  why  at  pH  4  the  suspension  of  citric  acid  -  alumina  particle  performs 


worse  dispersion  (in  both  sedimentation  and  zeta  potential)  in  comparison  with 
higher  pHs  is  not  understood.  This  can  also  be  observed  in  tricarballylic  acid  - 
alumina  particle  suspension.  It  is  contridicting  to  the  surface  charge  property  of 
the  particles.  At  lower  pH,  the  particle  surface  has  more  positive  charge  sites 
(ref.),  the  surface  could  adsorb  more  amounts  of  the  negatively  charged  carboxylic 
acid  and  would  result  in  higher  repulsion  forces  between  the  particles  (higher  zeta 
potential  in  this  case)  and  higher  packing  density  (lower  cake  height)  than  at  higher 
pHs.  So,  the  plateau  of  the  pH  4  shoud  be  lower  than  that  of  other  higher  pHs. 

The  explanation  of  this  reversed  result  could  be  atributed  to  the  lower  dissociation 
of  the  carboxylic  acid  in  low  pH. 

In  contrast  the  tricarballylic  acid  did  not  produce  the  same  packing  densities  as 
the  citric  acid  under  the  same  conditions  (Figure  4)  and  zeta  potential  values 
(Figure  5)  regardless  of  pH.  At  pH  4  the  zeta  potential  changed  from  55  mV  to 
about  5  mV  and  never  reversed  sign.  The  cake  height  increased  from  0.6  mL  to 
3.5  mL  (at  1.0%).  Similar  results  were  observed  at  pH  6.  The  zeta  potential 
decreased  from  about  43  mV  to  zero  at  about  0.2%  concentration  and  then  reversed 
sign  and  decreased  to  about  -30  mV.  This  result  is  consistent  with  the 
sedimentation  tests  in  which  the  cake  height  is  first  low  (0.75  mL)  and  reaches  its 
summit  (2.5  mL)  before  0.2%  concentration  and  then  decreases  to  around  1.5  mL 
but  never  decrease  further  although  the  concentration  of  the  acid  was  increased  to 
6%  (result  not  shown).  At  pH  8, 9,  and  10,  the  zeta  potential  varies  within  the 
range  of  0-40  mV,  but  the  cake  heights  changed  slightly  (from  2.7  mL  to  2.3  mL). 
As  mentioned  in  the  sedimentation  section,  the  zeta  potential  and  packing  density 
differences  between  citric  acid  and  tricarballylic  acid  could  be  attributed  to  the 
hydroxyl  group  of  citric  acid  as  discussed  below. 

The  results  from  another  pair  of  the  carboxylic  acids,  fumaric  acid  and  meso- 
tartaric  acid,  further  confirm  the  observations  of  the  effect  of  the  -OH  group. 

Figure  7  and  8  show  that  like  citric  acid  and  tricarballylic  acid,  both  the  zeta 
potential  and  the  cake  height  of  the  meso-tartaric  acid  -  alumina  suspensions  were 
different  from  those  of  the  fumaric  acid  -  alumina  suspensions.  Using  the  same 
concentration  of  the  acids  (0.5%  dwb),  the  cake  height  of  the  suspensions  prepared 
with  both  fumaric  acid  and  meso-tartaric  acid  decreases  as  the  pH  increased.  The 
cake  height  of  the  fumaric  acid  suspension  changed  from  4  mL  to  2.5  mL  and  the 
that  of  meso-tartanc  acid  suspension  from  2.7  mL  to  0.5  mL.  However,  at  each 
pH,  the  cake  height  of  the  meso-tartaric  acid  suspension  was  always  lower  than  that 
of  the  fumaric  acid  suspension  (e.g.,  the  meso-tartaric  acid  suspension  was  packed 
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more  densely  than  the  fumaric  acid  suspension  under  the  same  conditions).  These 
data  are  also  consistent  with  the  zeta  potential  measurements.  The  zeta  potential  of 
the  fumaric  acid  suspension  decreases  from  10  mV  to  about  40  mV  when  the  pH 
of  the  suspension  changed  from  4  to  10.  The  zeta  potential  of  meso-tartaric  acid 
suspension  decreases  from  -17  mV  to  -65  mV  as  the  pH  of  the  suspension  was 
changed  from  4  to  10.  Therefore  it  can  be  concluded  that  at  every  pH,  zeta 
potential  of  the  meso-tartaric  acid  suspension  was  lower  than  that  of  the  fumaric 
acid  suspension. 

(3)  Adsorption  of  the  carboxylic  acids  with  -OH  group  on  AI2O3 
As  discussed  above,  the  different  dispersion  behaviors  between  the  carboxylic 
acids  with  hydroxyl  groups  and  the  carboxylic  acids  without  hydroxyl  groups  could 
be  attributed  to  hydroxyl  groups.  According  to  this  study,  it  can  be  concluded  that 
the  higher  particle  surface  charge  results  in  a  higher  packing  density  and  the 
hydroxyl  group  may  produce  an  increase  in  the  surface  charge.  How  do  the 
hydroxyl  groups  affect  the  particle  surface  charges?  Chemically,  the  -OH  group  is 
an  electron-withdrawing  group,  which  is  defined  as  the  group  that  extends  to  attract 
an  electron.  The  more  electronegative  the  group  is,  the  stronger  the  withdrawal. 
Neckers  and  Doyle  (16)  explained  this  as  an  inductive  effect.  But  this  inductive 
effect  only  influences  the  acidity  of  the  acid,  or  in  other  words,  the  acidity 
constant,  Ka.  If  two  acids  have  very  closed  pKa's,  it  would  be  difficult  to  explain 
the  adsorption  difference  of  the  acid  by  this  mechanism. 

One  another  explanation  could  be  that  hydroxyl  groups  affect  the  adsorption  of 
the  acid  to  the  particles.  To  verify  this,  tests  evaluating  adsorption  of  the  acid  to  the 
particles  were  performed  by  titration.  Figures  6  and  9  show  the  adsorption  of  citric 
acid,  tricarballylic  acid,  meso-tartaric  acid  and  fumaric  acid  per  3.96  gram 
particles.  The  samples  were  examined  at  2  concentrations  (0.5  %  dwb  and  1.0% 
dwb)  or  a  single  concentration  (0.5%,  dwb)  at  3  pH’s  (pH  4,  6  and  9)  with  citric 
acid  and  tricarballylic  acid.  At  each  treatment,  the  adsorption  of  citric  acid  and 
meso-tartaric  acid  were  always  greater  than  that  of  tricarballylic  acid  and  fumaric 
acid.  These  results  clearly  show  that  the  hydroxyl  group  associated  with  the 
carboxylic  acid  can  somehow  increase  the  adsorption  of  the  acid  to  the  particle  and 
this  increase  of  the  adsorption  may  result  in  the  increase  of  the  particle  surface 
charges  (zeta  potential)  and  therefore  increase  the  dispersion  capability  of  the  acid 
with  the  hydroxyl  group.  From  Figure  6  and  9,  it  can  also  be  seen  that  at  lower  pH 
values,  the  acids  were  adsorbed  more  than  at  higher  pH.  This  agrees  again  with  the 


results  from  the  zeta  potential  and  sedimentation  tests  and  it  can  be  explained  as 
follows:  at  lower  pH,  the  surface  of  the  particle  has  more  positive  charges  than  at 
higher  pH  and  therefore  can  attract  more  negatively  charged  carboxylic  acid. 

Another  interesting  observation  is  seen  from  Figures  6  and  9.  At  the  same  pH, 
when  the  concentration  of  the  acid  increases,  the  adsorption  of  the  acid  also 
increases  and  no  plateau  was  observed  over  the  test  range.  These  results  are 
different  from  reports  of  other  researchers  (6, 11  and  12),  who  showed  that  the 
pattern  of  the  adsorption  curve  of  polyelectrolytes  (PMAA  and  PAA)  to  ceramic 
particles  produces  a  plateau.  In  their  work,  initially  the  adsorption  of  the  polymer 
increases  as  the  concentration  of  the  polymer  increases,  but  when  the  concentration 
of  the  polymer  reaches  a  certain  value,  the  adsorption  of  the  polymer  to  the  particle 
surface  remains  unchanged  because  the  positive  sites  on  the  surface  of  the  particle 
are  saturated.  The  changing  of  the  adsorption  of  the  acid  to  the  particle  surface  as 
the  concentration  of  the  acid  was  changed  could  be  explained  by  the  monomer 
property  of  the  carboxylic  acid.  When  monomers  which  are  weak  acids  (pKa 
around  4)  were  used  as  dispersants,  their  dissociations  kept  changing  and  could 
decrease  as  with  an  increase  in  the  concentration  of  the  acids  (17).  Therefore,  if  all 
other  conditions  are  constant,  more  acid  molecules  would  be  needed  to  cover  the 
same  particle  surface  area  as  the  concentration  of  the  acid  increases  from  0.5%  to 
1.0%  in  this  study.  From  this  point,  it  seems  that  increasing  the  concentration  of 
the  dispersant  does  not  affect  the  dispersion  performance  of  those  monomers  in 
certain  concentration  range.  This  could  be  a  advantage  over  the  polymer 
dispersants  such  as  PMAA,  in  which  little  increase  of  the  PMAA  concentration 
after  satuation  could  result  the  flocculation  of  the  suspention  (12).  Our  further 
sedimentation  and  zeta  potential  tests  confirmed  this  (data  not  show  here).  When 
the  concentrations  of  citric  acid  and  meso-tartaric  acid  increased  to  6.0%  (dwb), 
they  still  produced  good  dispersion  of  alumina  particles.  Of  cause,  this  conclusion 
need  to  be  confirmed  by  further  adsorption  measurements  with  different 
concentrtions  of  the  acid. 

To  confirm  that  the  difference  of  adsorption  between  hydroxylated  carboxylic 
acids  and  non-hydroxylated  carboxylic  acids  is  not  due  to  the  difference  of  the 
dissociation  of  the  acids,  the  fraction  dissociated,  a,  of  four  acids  versus  pH  were 
obtained  by  titration.  The  results  are  shown  in  Figure  10.  From  the  figure  little 
difference  could  be  seen  among  the  four  different  carboxylic  acids.  This  curve  of 
fraction  dissociated  agrees  also  very  well  with  the  reference  acidic  constant  data, 

Ka,  which  are  in  the  order  of  fumaric  acid,  meso-tartaric  acid,  citric  acid,  and 


tricarballylic  acid  from  greater  to  the  smaller.  Especially,  in  the  case  of  the  acid 
pair,  fumaric  acid  and  meso-tartaric  acid,  at  cenain  pH's,  the  dissociation  of 
fumaric  acid  (pKa  are  3.03  and  4.44)  was  even  higher  than  that  of  meso-tartaric 
acid  (pKa  are  3.22  and  4.82)  referred  to  the  Figure  10  and  Table  1,  but  the 
dispersion  capability  of  fumaric  acid  is  less  than  that  of  meso-tartaric  acid 
according  to  the  sedimentation  tests,  zeta  potential  measurements,  and  adsorption 
tests.  This  further  supports  the  view  that  dissociation  is  not  the  reason  for  the 
difference  in  adsorption. 


Discussion 


A  new  group  of  monomers  has  been  found  that  serve  as  excellent  dispersants  of 
alumina  for  the  processing  of  aqueous  ceramic  suspensions.  These  hydroxylated 
carboxylic  acid  dispersants  are  mostly  naturally  occurring  acidic  compounds. 

These  organic  acid  monomers  are  structurally  simpler,  commercially  less 
expensive,  and  environmentally  compatible,  and  can  promote  the  rapid  formation 
of  stable,  homogeneous  aqueous  suspensions  of  400  nm  diameter  alumina  particles. 
Torobin  (15)  and  Pearson  (14)  have  previously  reported  that  citric  acid  and  tartaric 
acid  can  serve  as  dispersion  agents  when  used  together  with  the  commercial 
polymer,  Darvon  C.  However,  this  study  for  the  first  time  has  shown  that  these 
organic  carboxylic  acids  are  able  to  serve  as  sole  dispersants  for  ceramic 
processing. 

The  results  of  this  study  clearly  show  that  all  of  the  carboxylic  acids  test  cannot 
be  used  as  dispersants.  Only  those  that  contain  hydroxyl  group(s)  disperse  alumina 
particles  in  aqueous  suspensions.  Although  some  organic  acids  tested  contain  more 
than  two  or  more  carboxylate  groups,  they  do  not  function  well  as  ceramic 
dispersants  without  the  presence  of  a  hydroxyl  group.  Similar  results  were 
observed  with  monomers  possessing  similar  acidic  constants.  Furthermore,  it  can 
also  be  stated  that  for  compounds  that  contain  the  same  number  of  charged  groups 
and  carbon  atoms  and  have  a  similar  molecular  structure,  the  more  hydroxyl  groups 
the  molecule  has,  the  better  it  performs  as  a  dispersant  (group  I:  tartronic  acid  and 
mesoxalic  acid;  group  II:  tartaric  acid,  malic  acid,  maleic  acid  and  succinic  acid; 
group  HI:  citric  acid,  tricarballylic  acid  and  aconitic  acid;  group  IV:  mucic  acid  and 
adipic  acid).  Compared  with  the  effect  of  the  hydroxyl  group,  the  effect  of  a 
double  bond  between  the  carbon  atoms  is  insignificant. 

These  results  were  confirmed  by  studies  using  high  solid  loading  suspensions 
which  indicate  that  aqueous  suspensions  of  AKP-30  with  a  concentration  higher 
than  50  vol%  can  easily  be  obtained  with  citric  acid,  which  keeps  the  viscosity  of 
the  suspension  below  1,000  cP.s.  In  contrast  it  is  difficult  to  prepare  AKP-30 
suspensions  with  a  similar  viscosity  when  the  particle  concentration  is  higher  than 
20  vol%  with  tricarballylic  acid,  nitrilotriacetic  acid,  or  EDTA  although  they  have 
the  same  number  or  more  charged  carboxylic  groups  and  similar  pKa  values  as 
citric  acid  does. 

It  should  also  be  noted  that  the  various  chain  lengths  of  the  carboxylic  acids 
does  not  significantly  affect  the  dispersion  behavior  of  the  monomers,  although  the 


lengthening  of  the  carbon  chain  does  reduce  the  solubility  of  some  acids.  For 
example,  glutamic  acid  (solubility:  80-200  g/100  ml)  and  maleic  acid  (79  g/100  ml) 
both  have  greater  solubilities  than  tartaric  acid  (solubility:  21  g/l(X)  ml)  and  mucic 
acid  (solubility  less  tnan  2  g/100  ml),  but  the  latter  two  produce  much  higher 
dispersion  capability  than  the  former  two. 

The  explanation  of  how  the  hydroxyl  group  of  the  carboxylic  acid  affects  the 
adsorption  and  the  dispersion  behavior  is  not  known.  Rosen  (13)  and  (  ) 
suggested  several  possible  mechanisms  for  surfactant  adsorption  to  solid  substrates 
in  aqueous  solution.  One  possibility  is  hydrogen  bond  formation  between  substrate 
and  adsorbate.  The  hydroxyl  group  of  the  carboxylic  acid  could  increase  the 
adsorption  by  hydrogen  bond  formation  or  other  mechanisms.  This  increase  of  the 
adsorption  is  accompanied  by  an  increase  in  the  surface  charge  of  the  particles  and 
therefore  an  increase  in  the  dispersion  capability. 

It  is  also  possible  that  the  hydroxyl  group  of  the  carboxylic  acid  influences  the 
charge  behavior  of  the  -COO‘  groups  on  the  molecule,  for  instance,  the  —OH 
group  next  to  the  -COO"  group  could  cause  a  redistribution  of  the  electron  destiny 
(electron  cloud)  of  the  oxygen  atoms  (18).  Additionally,  it  is  also  possible  that  a 
hydroxyl  group  associated  with  carboxylic  acid  could  increase  the  affinity 
chelation  of  the  acid  to  the  particle  surface  and  this  could  strengthen  the  reaction 
between  the  particle  and  dispersant.  Or,  a  combination  of  these  and  other  effects 
may  play  a  role. 

Some  inorganic  or  organic  nonbiogenic  dispersion  polyelectrolytes  used 
currently,  such  as  PMAA  and  PAA,  are  environmentally  incompatible.  In  addition, 
these  chemically  synthesized  polymers  are  expensive  compared  with  simpler 
biogenic  molecules.  Biopolymers,  such  as  alginate,  polypeptides  have  been 
investigated  as  dispersants  for  ceramic  processing  (8,9,10.).  However,  all 
polyelectrolytes  (including  both  synthetic  and  biopolymers)  have  the  same 
disadvantage  -  steric  hindrance,  which  has  two  functions:  on  the  one  hand,  steric 
hindrance  provides  steric  stablization  for  the  ceramic  suspension  (6,7,12);  on  the 
other  hand,  however,  because  the  polymer's  tails  and  loops  extend  away  from  the 
surface  of  the  particles,  steric  hindrance  could  limit  the  close  packing  of  particles  in 
aqueous  suspensions  (6,1 1).  Cesserano  examined  the  effects  of  the  molecular 
weight  of  the  PMAA.  The  results  showed  that  PMAA  molecules  of  lower 
molecular  weight  provide  better  dispersion  than  those  of  larger  molecular  weight. 
This  advantage  could  become  much  more  significant  when  carboxylic  acids  are 
used  with  smaller  nano-sized  particles,  such  as  AKP-30  alumina  particles. 
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The  chemical  composition  of  the  carboxylic  acids  should  be  suitable  for  and 
compatible  with  diverse  industrial  processes.  These  monodispersant  (most  are 
biogenic)  contain  only  carbon,  hydrogen,  and  oxygen  in  their  molecular  structure 
and  no  phosphorous,  sulfur,  halides,  or  metals.  Therefore,  these  novel  dispersants 
should  not  be  corrosive,  nor  detrimental  to  product  quality  when  used  in  ceramics 
processing  or  other  applications. 

Citric  acid  and  other  biogenic  acids  are  currently  in  wide  use  in  industry  and 
medicine.  They  are  inexpensive  and  can  be  readily  produced  by  large  scale 
microbial  fermentation.  They  are  non-toxic  and  readily  biodegradable. 
Additionally,  because  most  of  them  are  small  monomers  they  readily  dissolve  in 
the  aqueous  solution,  and  unlike  most  polymers,  they  do  not  cause  gel  formation 
and  phase  separation  when  mixed  with  the  gelling  agent  in  the  preparation  of 
aqueous  particle  suspensions,  which  is  especially  crucial  in  the  PMAA  or  PAA 
suspension  system.  This  means  that  they  should  be  compatible  with  other  gelling 
agents  such  as  agarose.  When  a  0.5%  (dwb)  of  citric  acid  is  combined  with  a  0.3% 
(dwb)  of  polyglutamic  acid  or  bacterial  alginate  used  to  disperse  AKP-30  particles, 
no  significant  increase  of  viscosiy  and  phase  separation  were  observed  (data  not 
shown  here),  evidence  with  supports  this  contention. 

Therefore,  in  summary,  this  new  group  of  simple  monomers  provide  several 
advantages  over  both  synthetic  and  biologically  produced  polymer  dispersants.  In 
addition,  besides  the  immediate  applications  of  hydroxylated  carboxylic  acids  for 
ceramic  processing,  the  recognition  of  the  importance  of  the  hydroxyl  group  in 
combination  with  carboxylate  groups  in  enhancing  dispersion  demonstrated  by  this 
investigation  may  lead  to  the  recognition  or  development  of  new  monomers  and 
polymers  as  effective  and  useful  dispersants. 
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Table  1:  Carboxylic  acids  investigated  in  this  study  with  their  molecular  components, 

acidic  constants  and  solubilities. 


Name  Structure 


Mono-carboxylic  acids 

Glutamic 

Mannuronic 

Di-carboxylic  acids 

Adipic 

Mucic 

Fumaric  (irons) 
'neso-Tartaric 
Succinic 
Malcic(c«) 

Malic 

i,/-Tartaric 

Malonic 

Tartronic 

Mesoxalic 

Glutaric 

Sebacic 

Tri-carboxylic  acids 
rricarballylic 
Aconiiic  (irons) 
N'itriloiriaceiic 
Citric 

Tetra-carboxylic  acids 
Ethylenediamine 
ictracetate  (EDTA) 


•OOCCH(NH/)(CH,),COOH 

HOOC[CH(OH)]iCHO 

H00C(CH,)4C00H 

H00C[CH(0H)]4C00H 

HOOCC=CHCOOH 

HOOCCH(OH)CH(OH)COOH 

HOOC(CH,),COOH 

HOOCC=CHCOOH 

HOOCCH,CH(OHX:OOH 

HOOC[CH(OH)],COOH 

HOOCCH,COOH 

HOOCCH(OH>:OOH 

HOOCCOCOOH 

HOOC(CH,).,COOH 

HOOC(CH,)rCOOH 

HOOCCH,CH(COOH)CH,COOH 
HOOCCH,(COOH)=CHCOOH 
HOOCCH,  N(CH,COOH)CH,COOH 
HOOCCH,C(OH)(COOH)CH,COOH 

HOOCCH, N(CH9C00H)CH,CH,N(CH,- 
-COOH)CH,COOH 


pKa 

Solubility 
(g/100  ml  H2O) 

2.19.4.25.9.67 

-80-200 

4.43, 4.41 

2 

3.03, 4.44 

0.7 

3.22, 4.82 

167 

4.16,  5.61 

6 

1.83, 6.07 

79 

3.40. 5.11 

138 

2.98. 4.34 

21 

2.83, 5.69 

74 

2.42, 4.54 

- 

4.34,  5.41 

64 

4.6.  5.6 

- 

3.6. 4.7,  5.8 

2.8, 4.6,- 

. 

3.03,  3.07,  10.7 
3.13,4.76.6.40 

- 

Note:  The  data  are  from  1)  —  Index,  and  2)Phsical  and  Chemical  Handbook 


Table  2:  Sedimentation  results  (cake  height.  ml)of  selected  carboxylic  acids  at  various  concentrations  (dry 

weight  base  of  the  particle) 


Succinic 

EDTA 

c/.Z-Tartaric 

NTA 

Citric 

TCA 

Malic 

Tartronic 

Mesoxalic 

c«-Aconitic 

tra/is-Aconitic 

Mucic 

Maleic 

Glutamic 

Mannuronic 

wiejo-Tartaric 

traar-Fumaric 

Adipic 

Malonic 

Glutaric 

Sebacic 


0 

0.1% 

0.3% 

1.85 

2.40 

2.45 

1.8 

1.75 

2.0 

2.20 

2.60 

1.50 

2.25 

2.0 

2.0 

1.90 

1.80  1.80 

1.80  1.85 

0.55  0.60  • 

3.00  3.00 

2.00 

2.50  2.50 

2.00  3.50 


0.5% 

1.0% 

2.0% 

2.7 

2.7 

2.0 

2.0 

0.55 

0.55 

1.45 

1.10 

0.50 

0.50 

1.70 

1.20 

0.70 

0.70 

0.70 

0.50 

0.80 

0.50 

1.10 

1.00 

1.80 

1.75 

0.50 

1.60 

2.50 

2.50 

1.80 

2.05 

3.0%  4.0%  6.0% 

2.40 

1.9 

0.45 

0.90 

0.40  0.40 


1.75  1.80 


Table  3:  Comparison  of  the  dispersion  behavior  of  carboxylic  acids  in 

OH  groups. 


Group  I:  three 
carbon  atoms 


Group  II:  four 
carbon  atoms 


Satisfactory  Less  satisfactory 

HOOCCH(OH)COOH 
(Tartronic  acid) 
HOOCCOCOOH 
(Mesoxalic  acid) 

HOOC[CH(OH)],COOH  HC)OCCH,CH(OH)COOH 

(Tartaric  acid)  (Malic  acid) 


Group  III:  five  HOOCCH,C(OH)(COOH)COOH 

carbon  atoms  in  main  (Citric  acid) 

chain 


Group  IV:  six  carbon  HOOC[CH(OH)]aCOOH 
atoms  in  main  chain  (Mucic  acid) 


groups  according  to  the  numbers  of  - 


Unsatisfactory 


HOOCCH,CH,COOH 
(Succinic  acid) 
HOOCCH,CH,COOH 
(Maleic  acid) 

HOCX:CH,CH(COOH)CH,COOH 
(Tricarballylic  acid) 

HOOCCH,C(COOH)=CHCOOH 
(Aconitic  acid) 

HOOC(CH,)aCOOH 
(Adipic  acid) 


3y1 


0.5%  (dwb) 

Carboxylic  acids 


B  Succllb 
@EDTA 
B  TartArk: 

Eil3  H  TA 

B  c  ixc 
@  TC  A 

B  H  ali: 

B  Taitronic 
B  H  esoxaJk 

B  cis~A  coniti; 
B  tianj-Aconiti: 
B  H  ucic 
^  M  aleic 


Sedimentation  densities  of  the  AKP-30  particie  suspensions  with  selected 
carboxylic  acids  from  Table  1  at  concentration  of  0.5%  (dwb). 


Cake  height  (ml) 


Figure  2:  Sedimentation  densities  of  AKP-30  particle  suspensions  when  citric  acid  was  used  as  a 
dispersant  with  a  concentration  of  0.5%  (dwb)  versus  pHs. 


Zeta  potential  (mV) 


■I[l 

Concentrations  of  CA  <%,  dwb) 


Figure  3:  Surface  charges  of  AKP-30  panicles  prepared  with  0.5%  (dwb)  citric  acid 
at  different  pHs. 


Cake  height  (ml) 


3.5 
3 

2.5 
2 

1.5 
1 

0.5 
0 

Concentrations  of  T  CA  (%,  dwb) 


Figure  4:  Sedimentation  densities  of  AKP-30  particle  suspensions  when  tricarballylic  acid 
was  used  as  a  dispersant  with  a  concentration  of  0.5%  (dwb)  versus  pHs. 


Zeta  potential 


Concentrations  of  T  CA  (7o,  dwb) 


Figure  5:  The  surface  charges  of  the  AKP-30  particles  prepared  with  tricarballylic  acid 
concentration  of  0.5%  (dwb)  with  different  pHs. 


I  -  ' 

0.5%  (cWd)  1.0%  (cMd) 

Concentrations  of  the  acids 


a 

TCA.pH  4 

a 

CA.pH  4 

a 

TCA,pH  6 

(H 

CA.pH  6 

a 

TCA.pH  9 

m 

CA.pH  9 

Figure  6:  Comparison  of  the  adsorptions  of  tracarballylic  acid  and  citric  acid  to  3.96  g  AKP-30 
particles  with  different  concentrations  versus  pHs 


4 


I 


Figure  7:  Sedimentation  density  results  of  the  ceramic  particle  suspensions  prepared  with  0  5% 
(dwb)  meso-tanaric  acid  and  fumaric  acid  with  different  pHs. 


I 

I 

I 

I 

I 

I 

I 

I 

I 


Zeta  potential  (mV) 


The  surface  charge  of  the  ceramic  particles  when  meso-tanaric  acid  and  fumaric  acid 
were  used  as  dispersants  at  a  concentration  of  0.5%  (dwb)  with  different  pHs. 


Adsorption  of  acids  to 
3.96  g  particles  (mg) 


0,5%  (cKvb) 


m  FA,  pH  4 

B  FA,  pH  6 
BtA,pH6 
M  FA,  pH  9 
ilTA,pH9 


‘oTqR  adsorptions  of  Fumaric  acid  and  meso-  Tartaric  acid 

.0  J.yb  g  AKP-30  particles  at  a  concentration  of  0.5%  (dwb)  with  different  pHs. 


fraction  dissociated, 


pH 


Figure  10:  Fraction  dussicuated,  a,  of  four  cartoxylic  acids  versus  pH. 

(•-  -  -•  meso-tartaiic  acid;  □ — o  fumaric  acid;  x - x  citric  acid; 

C---0  tcicarballj'lic  acid) 
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Abstract 

The  fundamental  requirement  for  preparation  of  high  density  in  .  ceramie  compact 
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ABSTRACT  Biomimetics  is  a  newly  emerging  interdisciplinary  field  in  materials  science  and 
engineering  and  biology  in  which  lessons  learned  from  biology  form  the  basis  for  novel  technolog¬ 
ical  materials.  It  involves  investigation  of  both  structures  and  physical  functions  of  biological 
composites  of  engineering  interest  with  the  goal  of  designing  and  synthesizing  new  and  improved 
materials.  This  paper  discusses  microarchitectural  aspects  of  some  structural  biocomposites,  pre¬ 
sents  microstructural  criteria  for  future  materials  design  and  processing,  and  identifies  areas  of 
future  research.  ©  1994  Wiley-Liss,  Inc. 


INTRODUCTION 

Properties  of  materials  are  structure  sensitive  and 
the  basis  of  materials  design  and  processing,  therefore, 
is  to  control  microstructures  so  as  to  achieve  desired 
physical  and  chemical  properties  in  materials  (see,  for 
instance,  Baer  and  Moet,  1991,  Fulrath  and  Pask, 
1966,  Haasen,  1978).  In  one  of  the  most  widely  used 
structural  materials,  for  example,  in  low-alloy  low-car¬ 
bon  structural  steels,  a  m5Tiad  of  different  microstruc¬ 
tures  from  pearlitic  to  martensitic  are  produced 
through  thermal  and  mechanical  treatments  that  re¬ 
sults  in  countless  different  types  of  steel  used  in  many 
different  applications  (see,  for  instance,  Zackay  and 
Aaronson,  1962).  In  a  more  recent  example  of  high  tem¬ 
perature  superconductor  YBa2Cu307.x,  the  significance 
of  effects  of  microstructural  features,  such  as  structural 
characteristics  of  transformation  twins,  amounts, 
types,  and  distribution  of  local  oxygen  ordering,  and 
interface  structures  and  chemistry  on  the  supercon¬ 
ducting  properties,  have  been  well  realized  (see,  for 
instance,  Jorgensen,  et  al.,  1989).  Despite  the  enor¬ 
mous  technological  possibilities,  however,  unlike  in 
steels,  some  major  difficulties  are  encountered  in  high 
temperature  superconductors  in  controlling  the  struc¬ 
tural  features  during  processing.  As  a  consequence, 
these  new  materials  have  been  used  only  in  con¬ 
strained  structural  forms  (like  thin  films)  and,  there¬ 
fore,  have  so  far  had  limited  applications. 

In  these  and  many  other  technological  materials  sys¬ 
tems  microstructures  consist  mostly  of  metastable 
phases  with  morphologies  that  are  difficult  to  control. 
In  cases  where  nucleation  and  growth  of  the  secondary 
phases  (such  as  precipitates)  are  controlled  at  the 
atomic  and  molecular  levels  under  stringent  s5mthesis 
conditions,  the  microstructures  are  tailored  to  a  large 
extend  to  produce  certain  desired  properties.  Examples 
are  traditional  alloy  systems  (steels,  Al-  and  Cu-alloys, 
superalloys,  and  cemented  carbides;  Gell  et  al.,  1980; 
Zackay  and  Aaronson,  1962)  and  in  more  recent  cases 
of  nanostructral  materials  (Shinjo  and  Tanaka,  1987) 
and  in  compound  semiconductor  heterostructures  (see, 
for  instance,  Shaw  et  al.,  1989). 

In  biological  systems,  on  the  other  hand,  organisms 


produce  soft  and  hard  materials  which  have  properties 
far  beyond  those  can  be  achieved  in  present  technolog¬ 
ical  materials.  Biological  composites  are  complex  in 
terms  of  composition  and  microstructure,  but  yet 
highly  ordered,  containing  both  inorganic  and  organic 
components  in  an  intricate  blend  (Lowenstam  and 
Weiner,  1989;  Simkiss  and  Wilbur,  1989).  Physical 
properties  include  optical,  ma^etic,  electronic,  and  pi¬ 
ezoelectric,  as  well  as  mechanical.  TTiese  materials  are 
synthesized  at  ambient  temperatures  under  atmo¬ 
spheric  conditions  with  the  structural  build-up  com¬ 
pletely  controlled  by  the  organisms. 

The  unique  microstructures  and  resulting  properties 
in  biological  composites  have  been  unknown  to  mate¬ 
rials  scientists,  and  may  well  be  inspirational  sources 
in  the  development  of  future  materials.  With  this  in 
mind,  this  research  group  started  investigating  struc¬ 
tures  of  biological  composites  to  establish  relationships 
with  properties  and  to  obtain  processing  strategies  and 
microstructural  design  criteria  for  the  development  of 
new  materials  with  novel  properties,  a  field  which  is 
now  called  biomimetics.  (see,  for  instance,  Aksay  et  al., 
1992;  Alper  et  al.,  1991;  Rieke  et  al.,  1990).  Biomimet¬ 
ics  may  be  one  of  the  major  ways  to  produce  next  gen¬ 
eration  materials  that  would  meet  demands  of  the  tech¬ 
nologies  of  the  coming  century. 

We  divide  biomimetics  into  two  categories  (Fig.  1; 
Sarikaya  and  Aksay,  1993a).  First,  by  investigating 
the  structures  of  biomaterials  at  all  possible  scales  of 
spatial  resolution,  the  fundamentals  of  their  unique 
structural  designs  can  be  deduced  and  then  mimicked 
by  techniques  currently  available  to  materials  scien¬ 
tists — an  approach  we  refer  to  as  biomimicking.  The 
second  category  is  mastering  the  molecular  synthesis 
and  processing  mechanisms  of  biomaterials  and  apply¬ 
ing  these  hitherto  unknown  methodologies  to  produce 
new  technological  materials  superior  to  those  presently 
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Fig.  1.  The  description  of  interdisciplinary  field  of  biomimetics. 


available — an  approach  we  call  bioduplication.  The 
bioduplication  approach  is  much  more  complex  and 
will  require  a  long-term  commitment,  not  only  to  learn 
the  intricacies  of  bioprocessing  used  by  organisms  but 
also  to  develop  new  strategies  to  process  materials  syn¬ 
thetically  from  the  molecular  level  up  with  the  same 
size,  shape,  complexity,  and  multifunctionality  as  the 
biocomposites.  The  biomimicking  approach,  although 
by  no  means  simple,  will  require  a  shorter  time  com¬ 
mitment. 

One  of  the  most  interesting  aspects  of  biological  ma¬ 
terials  is  that  their  metastable  microstructure  is 
formed  from  the  molecular  to  macroscales  to  attain  a 
combination  of  certain  physical  properties  that  the  or¬ 
ganism  best  functions  within  its  given  environment.  A 
particular  microstructure  in  an  organism  is  developed 
through  millions  of  years  of  evolution.  Biocomposites 
are  structured  in  a  hierarchical  manner  (Baer  et  al., 
1992),  from  the  molecular  to  the  macro  scale,  they  are 
intricately  microarchitectured,  and  they  often  have 
multifunctional  properties  (Currey,  1987;  Wainwright 
et  al.,  1976).  These  materials  are  composites  contain¬ 
ing  various  structural  organic  macromolecules  (pro¬ 
teins  and  polysaccharides)  and  inorganic  materials  (of¬ 
ten  ceramic  crystals  or  glasses)  (Currey,  1987;  Frankel 
and  Blakemore,  1991).  They  can  be  found  from  the 
most  primitive  organisms  (such  as  small  particles  and 
thin  films  in  algae  and  bacteria)  (Frankel  and  Blake¬ 
more,  1991)  to  invertebrates  (shells  and  cuticles  in  mol- 
lusks  [Gregoire,  1972]  and  insects  [BouUgand,  1965], 
respectively),  and  to  the  highly  developed  vertebrates 
(such  as  bones  and  teeth  of  mammals)  (Glimcher, 
1981). 

Biomimetics  is  a  wide  area  of  research  and,  there¬ 
fore,  it  requires  a  close  collaboration  between  biological 
(biochemistry,  genetics,  microbiology,  and  zoology)  and 
physical  sciences  fields  (materials  sciences,  physics, 
chemistry,  chemical,  electrical,  and  mechanical  engi¬ 


neering).  Commensurate  with  the  objectives  of  the 
symposium  and  this  special  issue  of  the  journal,  this 
paper  focuses  only  on  the  microstructural  aspects  of 
biocomposite  hard  and  stiff  tissues.  The  purpose  is  to 
bring  about  various  fascinating  and  unique  structural 
design  in  biocomposites  with  the  aim  of  raising  interest 
in  microscopists — materials  and  biological  scientists 
alike — who  would  be  involved  in  this  field  in  the  fu¬ 
ture. 

STRUCTURAL  DESIGN  IN  SOME 
BIOLOGICAL  HARD  TISSUES 

Biological  materials  of  engineering  interest  are 
mostly  hard  and  stiff  tissues,  and  small  particles  (Table 
1).  In  the  former  case,  the  structure  is  composed  of  an 
organic  matrix  (mostly  proteins  and  polysaccharides) 
with  the  inorganic  material  interspersed  throughout. 
The  formation,  morphology,  and  crystallography  of  the 
inorganic  phase  are  all  assumed  to  be  controlled  by  the 
organic  matrix.  In  hard  tissues  such  as  mollusk  shells, 
the  inorganic  phase,  for  example  calcite  or  aragonite 
form  of  CaCOs,  is  in  the  form  of  crystallites  of  various 
shapes,  size,  and  morphology  that  are  controlled  by  the 
organic  matrix  which  constitutes  only  less  than  5%  vol. 
of  the  composite.  In  the  case  of  stiff  organic  tissues, 
such  as  insect  cuticles  (Bouligand,  1965),  all  the  com¬ 
ponents  of  the  composite  are  organic  macromolecules 
in  which  matrix  is  usually  composed  of  proteins  and 
polysacharides.  The  stiffness  comes  from  fibrillar 
polysaccharides,  such  as  collagen  and  chitin,  organized 
at  the  nano-,  submicro-,  micro-  or  higher  scales  (Baer  et 
al.,  1992).  Finally,  some  lower  organisms,  such  as  bac¬ 
teria  and  alga  produce  fine  inorganic  particles  with 
unique  properties  (Frankel  and  Blakemore,  1991). 
These  biological  materials  are  listed  in  Table  1  with 
their  corresponding  properties,  and  will  be  discussed  in 
some  detail  in  the  following  examples  with  emphasis 
on  the  mollusk  shells  which  have  relatively  simple  mi¬ 
crostructures. 

Biogenic  Small  Inorganic  Particles 

From  the  point  of  obtaining  lessons  on  characteristic 
materials  structures  and  properties,  small  inorganic 
particles  of  biological  origin  offer  analogies  with  syn¬ 
thetic  nanoparticles  and  mesoscopic  systems.  There  are 
many  organisms  that  produce  ultrafine  inorganic  par¬ 
ticles  in  their  bodies  that  perform  various  functions 
(Frankel  and  Blakemore,  1991).  One  most  notable  ex¬ 
ample  is  iron  clusters  that  form  at  the  center  of  ferritin 
molecular  cages  (or  vesicles)  in  organisms  (Harrison  et 
al.,  1989).  In  some  cases,  metals  clusters  are  accumu¬ 
lated  as  foreign  entities  that  might  otherwise  be  harm¬ 
ful  to  the  host  organism,  such  as  CdS  in  algae  (which, 
however,  have  excellent  optical  properties;  Dameron  et 
al.,  1989).  Another  example  is  ultrafine  magnetic  par¬ 
ticles  that  are  foxmd  in  bacteria  (Blakemore,  1982),  as 
further  discussed  below. 

Some  species  of  bacteria  that  live  anaerobically  in 
freshwater  and  salt  swamps  move  about  to  seek  oxygen 
and  food  by  a  mechanism  that  makes  use  of  a  string  of 
magnetic  particles  (Fe304  or  Fe3S4)  as  a  compass 
(Frankel  and  Blakemore,  1991).  One  of  the  first  pmi- 
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TABLE  1.  A  chart  showing  categorization  of  various  biological  composites,  their 
micro~f nano-design  and  physical  properties _ 


Material/composite _ 

Small  particles 

Ceramic/ceramic 

Ceramic/polymer 

Polymer/polymer 

laminated 

Fiber/matrix 

Fiber/fiber 

Liquid  crystalline/matrix 


Micro-  or 
Example  tiano-level 


Bacterial 

N 

algal 

N 

Sea-urchin 

B 

Mollusk 

N.H 

Bone 

N,H 

dentin 

N.H 

N.H 

Cuticle 

N.H 

Tendon 

N.H 

Silk 

N 

Mocus 

N 

Properties 

Magnetic 
Electronic,  optical 

Mechanical  (wear  resistant) 

Mechanical  (tough,  strong),  ferroelastic 

Ferroelastic 

Ferroelastic 

Mechanical,  ferroelastic,  optical 
Mechanical,  optical 
Mechanical,  ferroelastic 
Mechanical  (tensile  props.) 

Rheological  _ _ 


N:  nano,  M:  micro,  B;  both  M  and  N,  H;  hierarchical. 


fled  strains,  in  Aquaspirillum  magnetotacticum  (Blake- 
more,  1982),  for  example,  each  bacterium  has  about 
20-25  particles  that  are  oriented  along  a  string  with 
their  magnetization  axis  along  the  long  axis  of  the  bac¬ 
terium  (Fig.  1).  These  bacteria  have  two  flagella  on 
each  end,  and  therefore,  can  move  in  forward  or  back¬ 
ward  directions,  depending  on  their  configuration  with 
respect  to  the  Earth’s  magnetic  field.  In  terms  of  bi^ 
mimetic  applications,  some  of  the  significant  materials 
characteristics  of  these  particles  axe  list^  as:  (i)  they 
are  single  crystalline,  having  no  dislocations,  twins,  or 
stacking  faults-  (ii)  have  a  uniform  particle  size  of 
about  500-600  A,  and,  thus,  are  in  the  single  domain 
region  (super-paramagnetic);  (iii)  particle  sha{»  is  spe¬ 
cies  specific,  and  can  be  dodecahedral,  culm-octahedral 
or  hexagonal;  (iv)  they  are  aligned  in  the  form  of  a 
single  string  (in  some  isolated  cases,  as  double  strings), 
(v)  they  form  in  a  biological  sacks,  called  magneto- 
somes.  In  S-rich  regions,  some  species  are  Imown  to 
form  isomorphic  form  of  magnetite,  i.e.  Fe3S4  (Bazylin- 
ski  et  al.,  1991;  also  see  Bazylinski  et  al.,  this  issue). 

The  formation  of  magnetic  particles  within  magne- 
tosome  membranes  is  of  a  great  interest  in  terms  of 
forming  small  synthetic  particles  under  closely  con¬ 
trolled  synthesis  conditions  (Fendler,  1982;  also  see 
Yang  et  al.,  this  issue).  Small  magnetic  particles  can  be 
formed  synthetically  by  following  several  routes,  e.g., 
solution  precipitation  from  precursors,  in  microemul- 
sions,  and  using  vesicles.  In  all  these  cases,  however, 
the  particles  formed  are  nonuniform,  they  are  often  not 
fully  crystalline,  compositionally  nonhomogeneous, 
and,  more  importantly,  in  an  agglomerated  state  which 
imposes  problems  in  processing.  Therefore,  s^thesis  of 
small  magnetic,  and  other  inorganic  ultrafine,  parti¬ 
cles  via  biological  routes  promises  advantages  m  terms 
of  controlling  growth  and  morphological  propertiM. 

The  most  critical  issue  in  the  understanding  of  pe¬ 
tiole  formation  in  magnetosomes  is  the  m^hanismfs) 
by  which  organic  matrix  allows  the  nucleation  and  con¬ 
trols  the  growth  of  particles.  The  investigation  of  struc¬ 
ture  and  composition  of  the  magnetosome  membrane 
and  its  protein  organization,  therefore,  is  essential  for 
understamhng  transport  of  ions  through  the  mem¬ 
brane  and  the  early  stages  of  formation  or  particle. 
Current  knowledge  of  the  membrane  is  that  it  is  a  bi¬ 


layer  and  is  likely  to  contain  proteins  that  are  found  in 
the  outer  membrane  of  bacteria  (CSorby  et  al.,  1988). 
Other  questions  involve  details  of  the  early  stage  of 
formation  of  particles  (amorphous  or  crystalline  and, 
possibly,  in  the  hydrated  form),  selection  of  their  chem¬ 
istry  (Fe304  vs.  Fe3S4),  the  control  of  their  growth,  and 
finally  factors  that  affect  particle  morphology  and  size 
(Mann  et  al.,  1990). 

Ceramic/Ceramic  Biological  Composites 

In  biological  composite  materials  involving  inor¬ 
ganic  phases,  it  is  usually  assumed  that  organic  mac¬ 
romolecules  are  associated  with  the  composite  in  a  set¬ 
tled  way,  such  as  described  under  the  heading  Ceramic/ 
Organic  Composites.  However,  there  are  also  many 
cases  in  which  mineral  appears  to  be  present  alone  m 
the  structure  and,  therefore,  constitutes  the  weraU 
sample.  For  example,  in  the  body  and  the  spine  (Fig.  2) 
of  sea-urchin,  the  mineral  which  dc«s  not  appear  to 
contain  any  organic  matrix  is  a  calcitic  single  crystal 
(Berman  et  al.,  1988;  Veis  et  al.,  1986).  The  most  in¬ 
teresting  among  the  composite  structures  in  sea  ur¬ 
chin,  however,  is  its  teeth  (Brear  and  Curry.  1976). 
•^ere  are  five  pieces  in  the  lower  center  of  the  body 
that  the  organism  uses  to  scrape  food  from  surfaw  of 
rocks.  Cross  section  at  the  cutting  edge  of  a  to^h 
poses  a  composite  of  a  matrix  of  amorphous  CaCOs 
with  crystalline  calcitic  CaCOs  fibers  embedd^  in  it 
with  their  long  axes  perpendicular  to  the  cutting  sur¬ 
face  as  to  increase  the  wear  resistance  of  the  tooth  (Fig. 
3-  Sarikaya  et  al.,  1992a).  In  these  biomaterials,  loca¬ 
tion  and  distribution  of  an  organic  matrix,  which  pre¬ 
sumably  controls  calcite  ^wth,  are  not  clearly  known. 

In  regards  to  biomimetics,  therefore,  the  major  ques¬ 
tions  about  sea-urchin  skeletal  units  are  the  presence, 
types,  and  spatial  distribution  of  organic  macromole¬ 
cules.  These,  constituting  less  than  1%  of  the  compos¬ 
ite,  do  not  appear  to  form  spatially  discernible  separate 
phase(s)  and  which  are,  then,  most  likely  to  be  occluded 
within  the  inorganic  matrix  (Berman  et  al.,  19^).  ff 
there  are  proteins,  or  their  fractions,  are  occluded 
within  the  matrix,  then  these  hard  tissues  may  be  re¬ 
garded  as  molecular  composites,  i.e.,  analog  of  nano¬ 
composites  at  smaller  spatial  dimension.  Inve^gation 
of  various  skeletal  umts  of  sea-urchin  in  detail  by  mi- 
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Fig.  2.  (a,b)  TEM  images  of  A.  magnetotacticum  show  string  of  fine  Fe304  particles  (a,  arrow). 


croscopy  and  spectroscopy,  therefore,  is  expected  to  pro¬ 
vide  better  insights  into  the  understanding  of  these 
unique  structures  and  new  lessons  for  biomimetics. 

Organic/Organic  Biological  Composites 

There  are  numerous  stiff  biological  tissues,  compos¬ 
ites  of  fibrous  organic  components  embedded  in  a  soft 
organic  matrix,  that  are  analogs  of  fiber-  or  particle- 
reinforced  polymeric  composites  (Baer,  1986).  Tendon, 
which  connects  muscle  and  bone,  is  a  classical  example 
(Baer  et  al.,  1988).  It  has  six  discrete  levels  of  struc¬ 
tures  organized  in  a  hierarchical  manner  from  molec¬ 
ular  to  centimeter-scale.  Silk,  found  in  cocoons  of  silk 
moths  and  webs  of  spiders,  is  another  structural  ma¬ 


terial  ((jrosline  et  al.,  1986).  Its  unique  structure,  con¬ 
sisting  of  silk  fibroin  proteins  0-pleated  sheets)  orga¬ 
nized  in  a  liquid  crystalline  fashion  in  an  amorphous 
protein  matrix,  is  designed  to  withstand  stresses  ((Jos- 
line  et  al.,  1986)  much  higher  than  those  encountered 
by  high  tensile  strength  metallic  or  polymeric  fibers 
(Baer,  1986). 

One  of  the  major  classes  of  organic  biocomposites  is 
formed  by  cuticles.  Arthroj)ods,  such  as  insects,  crusta- 
ceps,  spiders,  millipedes,  and  others,  are  evolution- 
arily  very  successful  probably  because  of  their  cuticles 
that  cover  their  body  from  “head  to  toe”  (Neville,  1975). 
The  cuticle,  therefore,  is  the  skeleton  (exoskeleton)  of 
an  insect.  Its  structure  resembles  that  of  fiber-rein- 
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Fig.  3.  (a,b)  SEM  images  of  a  sea-urchin  spine  (single  crystal 
showing  its  intricate  structure  in  a  fractured  sample,  (c)  Sea  urchin 
tooth  is  a  composite  of  crystalline  calcite  fibers  in  an  amorphous  ma¬ 
trix  (etched;  secondary  electron  image). 


forced  pwlymer  matrix  where  the  fibers  are  .collagen 
(polysaccharides),  and  the  matrix  is  mostly  proteins 
(see,  for  instance,  Giraud-Guille,  this  issue). 

The  composite  has  a  sheet  structure  in  which  colla¬ 
gen  fibers  are  arranged  in  layers.  In  each  layer,  the 


Fig.  4.  (a,b)  SEM  images  of  an  insect  cuticle  showing  helicoidal 
organization  of  layers  in  a  “ply-wood”  structure  (secondary  electron 
image). 


fibers  are  oriented  pwallel  to  each  other.  In  successive 
layers,  however,  there  is  rotation  of  parallel  fibers  only 
few  degrees,  i.e.,  helicoidal.  The  thickness  of  each  layer 
may  be  as  small  as  5-10  nm  and  the  thickness  of  the 
chitin  fibrils  as  thin  as  3-5  nm  in  diameter  (Neville, 
1975).  In  Odontotaenius  disfunctus,  shown  in  Figure  4 
at  a  higher  scale  of  microstructture,  there  are  two  si¬ 
multaneous  clockwise  rotations  between  two  sets  of 
sheets  (double-helicoid).  Therefore,  although  in  each 
layer  the  fibers  are  isotropic,  the  overall  composite 
structure  is  anisotropic  in  tiie  cuticle.  This  has  a  sig¬ 
nificance  for  the  composite  material  firom  its  mechanics 
point  of  view  (Gimderson  and  Schiavone,  1989).  The 
unique  microstructure  of  the  insect  cuticle,  as  well  as 
cuticles  of  other  classes,  may  serve  as  a  lesson  for  the 
design  of  composite  materials  in  which  all  the  compo¬ 
nents  are  polymers. 

Exoskeletons,  in  addition  to  serving  as  light,  versa¬ 
tile,  and  protective  “armor”  for  insects,  also  form  intri¬ 
cate  surface  structures  which  give  optical  effects 
(Ghiradella  et  al.,  1972).  For  example,  in  butterfly 
wings,  although  the  origin  of  color  for  the  most  part  is 
pigmentary,  some  colors  such  as  blues  and  violets, 
come  fi’om  svuface  structures  (Ghiradella  et  al.,  1972; 
Ghiradella,  this  issue).  The  structural  details  on  sur¬ 
faces  can  t^e  an  intricate  and  ordered  combination  of 
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layers,  scales,  and  ridges  which  are  arranged  to  pro¬ 
duce  optical  effects  through  interference  during  scat¬ 
tering  of  light.  Coloring  through  structural  effects  is  an 
area  of  study  in  biomimetics.  Furthermore,  pigmenta¬ 
tion  itself  is  also  an  area  of  materials  science  interest, 
involving  questions  such  as  the  origin  of  pigmentation, 
the  nature  of  pigments,  their  size,  distribution,  and 
composition  within  the  matrix,  and  their  coloring  (pos¬ 
sibly,  non-linear  optical)  effects. 

In  cuticles,  in  summary,  there  are  both  biomimick¬ 
ing  and  bioduplication  possibilities  for  future  materials 
formation.  On  the  biomimicking  side,  questions  in¬ 
volve  the  types  of  structural  units  at  the  nano-  and 
micro-scales,  and  their  spatial  distribution.  There  are 
already  synthetic  polymers  that  may  be  used  as  the 
matrix  (such  as  diblock  copolymers  and  liquid  crystal¬ 
line  polymers;  Spontak  et  al.,  this  issue)  as  well  as 
fibrous  polymers  that  can  be  used  as  the  stiff  compo¬ 
nent.  On  the  bioduplication  side,  some  subjects  of  fu¬ 
ture  investigation  are  composition  and  spatial  distri¬ 
bution  of  proteins  in  the  matrix,  their  possible  liquid 
crystalline  order,  and  their  synthesis.  The  nature  of 
polyscahharides,  its  molecular  structure  and  composi¬ 
tion  (including  collagen),  its  structural  relationship 
with  the  protein  matrix,  and  overall  hierarchy  of  the 
structure  of  cuticle  are  further  areas  of  biomimetic  in¬ 
terest. 

Ceramic/Organic  Composites 

The  examples  of  biological  composites  containing 
both  ceramic  and  organic  phase(s)  in  the  form  of  mac¬ 
romolecules,  take  many  different  forms  (Currey,  1987). 
They  are  mainly  used  as  structural  materials  in  skel¬ 
etons  or  protective  covers  for  the  bodies  of  organisms 
(Lowenstam  and  Weiner,  1989;  Simkiss  and  Wilbur, 
1989).  These  include  bones  in  vertebrates,  teeth  in 
fishes  and  mammals,  and  shells  in  mollusks.  A  repre¬ 
sentative  example  of  the  inner  section  of  many  sea- 
shells,  namely  nacre,  is  discussed  below  as  this  hard 
tissue  has  been  a  major  area  of  investigation  in  the 
authors’  laboratory  (Sarikaya  and  Aksay,  1992). 

Mechanical  Properties  of  Nacre.  The  nacre  struc¬ 
ture,  mother-of-pearl,  is  found  in  many  families  of  mol¬ 
lusks,  such  as  red  abalone  (Haliotis  rufescens;  Currey, 
1987;  Jackson  et  al.,  1988;  Sarikaya  et  al.,  1990; 
Sarikaya  and  Aksay,  1992;  Yasrebi  et  al.,  1990),  the 
gastropod  family,  cephalopods,  such  as  nautilus  {Nau¬ 
tilus  pompilius;  Gregoire,  1972)  and  bivalves,  such  as 
black-lipped  pearl  oysters  {Pinctada  margaritifera; 
Currey,  1987).  A  transverse  cross-section  of  the  red  ab¬ 
alone  shell  displays  two  types  of  microstructures:  an 
outer  prismatic  layer  (calcite)  and  inner  nacreous  layer 
(aragonite).  The  structure  and  properties  of  the  nacre¬ 
ous  layer  are  described  here  as  this  is  the  part  of  the 
shell  that  displays  an  excellent  combination  of  me¬ 
chanical  properties  as  a  result  of  its  highly  ordered 
hierarchical  structure  (Currey,  1987;  Jackson  et  al., 
1988;  Sarikaya  et  al.,  1990;  Sarikaya  and  Aksay,  1992; 
Yasrebi  et  al.,  1990).  As  shown  in  Figure  5,  nacre  is 
composed  of  stacked  platelets  (0. 2-0.5  pm  thick)  that 
are  arranged  in  brick  and  mortar  microarchitecture 
with  an  organic  matrix  (20-400  nm  in  thickness)  form¬ 


ing  a  “glue”  between  the  platelets  (Jackson  et  al.,  1988; 
Sarikaya  et  al.,  1990;  Yasrebi  et  al.,  1990). 

Fracture  toughness  (Kjc)  and  fracture  strength  (ctf) 
of  nacre(tested  in  the  transverse  direction )(Sarikaya  et 
al.,  1990;  Yasrebi  et  al.,  1990)  and  those  of  some  of  the 
well-known  ceramics  and  ceramic-based  composites 
(cermets)  are  plotted  in  Figure  6.  The  average  Kjc  and 
CTp  values  of  nacre  are  some  20-30  times  that  of  syn¬ 
thetically  produced  monolithic  CaCOa  (Jackson  et  al., 
1988;  Sarikaya  et  al.,  1990;  Yasrebi  et  al.,  1990).  This 
result  is  a  major  driving  force  in  producing  ceramic- 
based  composites  (cermets  and  cerpolys)  with  better 
mechanical  properties  than  existing  composites 
through  nanoscale  lamination  based  on  lessons  from 
biology  (Jackson  et  al.,  1988;  Sarikaya  et  al.,  1990; 
Sarikaya  and  Aksay,  1992;  Yasrebi  et  al.,  1990). 

The  investigation  on  crack  propagation  behavior  in 
nacre  (Sarikaya  et  al.,  1990;  Yasrebi  et  al.,  1990)  re¬ 
veals  that  there  is  a  high  degree  of  tortuosity  not  seen 
in  the  more  traditional  brittle  ceramics,  such  as  AlgOg, 
or  in  high  toughness  ceramics,  such  as  Zr02  (see,  for 
example,  Dawridge,  1979  and  Evans,  1988).  The  sur¬ 
faces  of  fractured  samples  indicate  that  a  major  crack 
has  meandered  around  the  CaCOa  layers  exposing 
them  through  the  organic  surroimdings,  resulting  in  a 
highly  rough  fractured  surface  (Fig.  7).  This  is  similar 
to  that  seen  in  fiber-reinforced  ceramic  composites 
where  a  pull-out  mechanism  operates  (see,  for  example, 
Evans  and  Marshall,  1989,  and  Tressler  and  Bradt, 
1983).  In  micro^aphs  recorded  at  higher  magnifica¬ 
tions,  either  a  sliding  of  the  CaCOs  layers  (Fig.  8a)  or 
organic  ligaments  l^tween  the  layers  (Fig.  8b)  are 
seen.  The  latter  case,  stretching,  indicates  that  the  in¬ 
terface  between  the  organic  and  the  inorganic  phases  is 
strong  and  that  the  organic  phase  acts  as  a  strong 
binder  (Sarikaya  et  al.,  1990;  Sarikaya  and  Aksay, 
1992;  Yasrebi  et  al.,  1990).  Several  toughening  mech¬ 
anisms,  therefore,  may  be  proposed  (Sarikaya  et  al., 
1990);  (i)  crack  blunting/branching,  (ii)  microcrack  for¬ 
mation,  (iii)  plate  pull-out,  (iv)  crack  bridging  (liga¬ 
ment  formation),  and  (v)  sliding  of  CaCOs  layers.  The 
high  degree  of  tortuosity  seen  in  crack  propagation 
(Jackson  et  al.,  1988)  may  be  due  mainly  to  crack 
blunting  and  branching  (Sarikaya  et  al.,  1990;  Yasrebi 
et  al.,  1990).  However,  tortuosity  (about  40-50%)  alone 
is  not  a  major  toughening  mechanism  in  these  compos¬ 
ites,  because  it  cannot  account  for  the  many  orders  of 
magnitude  increase  in  toughness.  The  major  toughen¬ 
ing  mechanisms,  therefore,  are  sliding  and  ligament 
formation  (Sarikaya  et  al.,  1990;  Sarikaya  and  Aksay, 
1992;  Yasrebi  et  al.,  1990).  Similarities  exist  between 
the  deformation  of  a  nacreous  portion  of  a  sea  shell  and 
a  metal  in  the  sliding  mechanism,  and  ligament  for¬ 
mation  in  nacre  is  similar  to  bridging  by  metal  in  ce¬ 
ramic-metal  composites  during  crack  propagation.  The 
results  strongly  suggest  that  these  complex  deforma¬ 
tion  modes  may  be  the  main  mechanisms  of  energy 
absorption  during  the  propagation  of  a  stable  crack. 

The  strength  of  nacre,  on  the  other  hand,  may  be 
related  to  several  factors,  including  the  size  and  struc¬ 
ture  of  the  aragonite  platelets  and  the  interfaces  be¬ 
tween  the  inorganic  and  the  organic  components.  From 
the  limited  thickness  of  the  largest  flaw  (Griffith, 
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Fig.  5.  TEM  image  of  nacre  in  an  edge-on  configuration  displays  aragonite  platelets  separated  by  a 
thin  film  of  organic  matrix.  The  inset  shows  the  brick  and  mortar  microarchitecture. 
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Fig.  6.  Mechanical  properties  of  nacre  of  abalone  compared  to  some  major  ceramics  and  cermets.  Note 
the  property  increases  in  laminated  B4C-A1  cermet  compared  to  that  in  3-D  microstructure. 


Fig.  7.  Highly  tortuous  fracture  surface  of  nacre  exposing  arago- 
nitic  platelets.  It  is  found  that  the  tortuosity  is  not  the  main  tough¬ 
ening  mechanism. 


1925),  i.e.,  the  thickness  of  the  platelet,  0.5  ptm,  the 
increase  in  the  fracture  strength  of  aragonite  would  be 
about  200  MPa,  comparable  to  the  measured  value  of 
185-220  MPa  in  our  studies  (Sarikaya  et  al.,  1990; 
Sarikaya  and  Aksay,  1992;  Yasrebi  et  al.,  1990).  There¬ 
fore,  the  rule  of  mixtures  (Hull,  1981)  may  account  for 
the  value  of  the  measured  strength  (Sarikaya  and  Ak¬ 
say,  1992). 

Although  improvements  were  achieved  in  the  me¬ 
chanical  properties  of  ssmthetic  laminated  composites 
(cermets  [Yasrebi  et  al.,  1990]  and  cerpolys  [Khanuja, 


1991])  based  on  biomimetic  architecture,  these  have 
not  been  as  extraordinary  as  when  nacre  is  compared  to 
monolithic  CaCOs.  This  may  be  due  to  limited  lami¬ 
nate  thicknesses  in  synthetic  composites;  thicknesses 
below  1  |xm  in  the  inorganic  layers  and  below  100  nm 
in  the  layers  of  the  soft  phase,  are  needed.  Secondly, 
both  the  inorganic  and  organic  layers  have  complex 
structures,  in  terms  of  their  crystallography,  substruc¬ 
tures,  and  morphology.  In  particular,  the  organic  layer 
has  a  complex  nanolaminated  structure  within  itself 
(Watabe,  1965;  Weiner  and  Traub,  1984;  Weiner,  et  al., 
1983).  Neither  the  composition  of  these  layers  nor  their 
structure  have  yet  been  clearly  identified.  Further¬ 
more,  identification  of  the  structural  relationship  be¬ 
tween  the  organic  and  the  inorganic  layers  is  far  from 
complete  and  constitutes  one  the  most  outstanding 
problems  in  biomineralization. 

Detailed  Microstructure  of  Nacre.  It  has  been 
impossible  to  study  both  the  organic  and  inorganic 
crystals  simultaneously,  and  the  structural  relation¬ 
ships  between  the  components  of  the  nacre  exist  only  as 
a  conjecture  (Addadi  and  Weiner,  1990;  Mann,  1988). 
Bulk  studies  performed  by  X-ray  diffraction  on  the  na¬ 
cre  revealed  that  the  aragonite  platelets  are  organized 
with  their  [001]  axis  perpendicular  to  the  layers  (Add¬ 
adi  and  Weiner,  1990;  Mann,  1988).  It  has  been  postu¬ 
lated  that  a  and  b  axes  within  the  layer  plane  in  each 
platelet  are  oriented  randomly.  Furthermore,  it  was 
assumed  from  this  scheme  that  each  aragonite  platelet 
grew  on  the  crystallographically  related  organic  tem¬ 
plate,  which  itself  had  a  local  random  orientation. 
From  the  composition  of  the  insoluble  fraction  of  the 
organic  matrix,  i.e.,  the  inner  crystalline  sublayers 
which  contain  a  high  fraction  of  aspartic  and  glutamic 
acid,  it  might  be  possible  to  deduce  a  self-assembled 
structure  that  is  related  “epitaxially”  to  the  aragonite 
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Fig.  8.  SEM  images  revealing  sliding  of  aragonite  platelets  (a)  and  ligament  formation  of  organic 
phase  (b),  major  toughening  mechanisms.  Arrows  in  (a)  show  direction  of  sliding,  and  in  (b)  they  show 
the  organic  ligaments  formed  due  to  normal  stresses. 


lattice  along  the  [001]  projection  (Sarikaya  and  Aksay, 
1992;  Sarikaya  et  al.,  1992b). 

In  this  investigation,  each  aragonite  crystallite  was 
analyzed  separately  and  its  crystallo^aphic  orienta¬ 
tion  relationship  with  respect  to  its  neighbors,  both  on 
the  same  layer  and  across  the  thickness  of  the  nacre, 
was  established.  Electron  microdiffraction  with  an 
electron  probe  size  as  small  as  50  nm  diameter  in  a 
TEM  allowed  isolated  diffraction  patterns  from  indi¬ 
vidual  aragonite  crystal  units  enabling  us  to  establish 
the  overall  crystallography  of  the  inorganic  component 
of  the  composite  in  three  directions. 

It  was  found  that  adjacent  platelets  belong  to  the 
same  [001]  zone  axis,  but  there  is  a  slight  rotation 
among  the  platelets  about  this  axis  with  respect  to  each 
other.  The  question  remains  whether  there  is  any  crys¬ 
tallographic  relationship  between  the  a  and  b  axes  in 
platelets  on  the  same  layer.  The  crystallographic  rela¬ 
tionship  among  the  adjacent  platelets  in  the  face-on 
configuration  analyzed  by  electron  diffraction  revealed 
that  each  platelet  is  actually  twin-related  to  the  one 
next  to  it  with  a  twin  plane  of  {110}  type  of  the  or¬ 
thorhombic  imit  cell.  In  this  scheme,  the  arrangement 
of  the  platelets  indicates  that  all  the  platelets  on  the 
same  layer  are  twin-related  whether  they  share  a 
boundary  or  not,  constituting  first  generation  twins 
since  this  twinning  takes  place  at  the  largest  spatial 
scale  (Fig.  9  a,b).  Further  analysis  indicates  that  each 
platelet  consists  of  several  domains  which  are  ciystal- 
lographically  coupled  (Fig.  9  c,d).  Hence,  again,  diffrac¬ 


tion  patterns  reveal  two  superimposed  patterns  that 
can  be  correlated  with  a  twin  relationship  with  {110} 
twin  plane  parallel  to  [001]  direction  of  the  unit  cell, 
i.e.,  either  (110)  or  (110)  variants  (Figure  9  e,f).  In  fact, 
the  patterns  recorded  fix>m  all  the  domain  boundaries 
show  the  same  twin  reflections,  indicating  that  each 
domain  is  related  to  the  one  next  to  it  by  a  {110}  twin 
relation.  Domains,  therefore,  constitute  the  second 
generation  twins. 

A  platelet  may  have  either  four,  90°-,  or  six,  60°-, 
domains.  In  an  ideal  hexagonal  shaped  platelet  with 
six  twin-related  domains,  the  angle  between  each  pair 
of  domains  would  be  60°.  This  is  not  possible,  however, 
in  aragonite  lattice,  since  the  outer  edges  of  the  plate¬ 
lets  are  parallel  to  {110}  planes  and  the  angle  between 
each  pair  of  planes — (110)  and  (110),  for  example — is 
63.5°,  leaving  unaccounted  for  a  3.5°.  This  discrepancy 
induces  strain  during  growth  into  the  aragonite  matrix 
and  must  be  accomm^ated  by  some  structural  defor¬ 
mation,  such  as,  in  this  case,  nanometer-scale  twins 
that  form  on  {110}  planes.  These  ultrafine  twins  are 
shown  in  Figure  i0(a)  formed  on  {110}  planes  at  an 
angle  of  about  63.5°  and  are  similar  to  the  growth  twins 
in  geological  minerals.  These  twins  constitute  the  third 
generation  twins  since  they  occur  at  the  smallest  scale. 
It  was  found  that  a  portion  of  the  lattice  stress  created 
by  the  3.5°-strain  can  also  be  accommodated  by  the 
misalignment  of  adjacent  domains,  as  observed.  How¬ 
ever,  this  misalignment  cannot  account  for  all  the 
strain  accommodation,  as  the  interfaces  between  the 


Fig.  9.  TEM  images  of  aragonite  platelets  viewed  in  face-on  orientation  before  (a)  and  after  (b)  slight 
tilting  display  twin-contrast.  Letters  A,B,C,D,E,  and  F  indicate  aragonite  platelets.  Similarly,  twinning 
also  occurs  between  domains  in  a  platelet  (c-d).  Electron  diffraction  patterns  (e)  from  the  interior  of  a 
domain,  and  (f)  from  the  domain  boundary.  Arrows  in  (c)  indicate  location  from  which  SAD  patterns  (e) 
and  (f)  were  obtained. 
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Fig.  10.  (a)  TEM— BF  image  of  the  nanoscale  twins  within  an  aragonite  domain  (Sarikaya  and 
Aksay,  1992).  (b)  Atomic  resolution  image  of  a  low  angle  boundary  within  a  domain,  showing  that 
stresses  are  also  accommodated  by  dislocations  (arrows). 


domains  show  a  high  degree  of  coherency.  Local  defor¬ 
mation  within  domains,  such  as  low  angle  boundaries, 
as  shown  in  Figure  10(b),  may  account  for  the  accom¬ 
modation  of  some  of  the  internal  stresses.  Conse¬ 
quently,  these  three  twin  structures  cover  six  orders  of 
magnitude  size  scale  from  nanometer  to  submillimeter, 
and  reveal  for  the  first  time  a  hierarchical  structure  in 
a  biological  hard  tissue. 

The  geometrical  and  crystallographic  model  of  ara¬ 
gonite  platelets  (Sarikaya  and  /isay,  1992;  Sarikaya 
et  al.,  1992b)  discussed  above  is  referred  to  as  multiple 
tiling  in  mathematics  (Grunbaum  and  Shephard, 
1987).  It  appears  that  natiure  utilized  this  mathemati¬ 
cal  technique  in  nacre  to  form  a  highly  ordered  struc¬ 
ture  that  is  compatible  with  both  the  soft  tissue  and  the 
crystalline  structural  constraints  of  the  hard  compo¬ 
nent.  Furthermore,  recent  studies  indicate  that  tiling 
may  also  play  an  important  role  in  providing  the  over¬ 
all  shape  of  the  nacre  and  its  properties  (Sarikaya  jmd 
Aksay,  1992;  Sarikaya  et  al.,  1992b).  The  constrains 
that  are  developed  as  a  result  of  the  commensurate 
interface  between  the  crystalline  conformation  of  the 


organic  matrix  proteins  and  crystalline  ordering  of  the 
ions  in  the  inorganic  phase  give  rise  to  the  hierarchical 
twin  structure  in  the  nacreous  section  of  the  mollusk 
shells.  That  is,  the  coupling  between  organic  and  inor¬ 
ganic  crystalline  structures  results  in  a  certain  mor¬ 
phology  of  the  inorganic  phase,  retaining  the  hierarchy 
of  the  defect  structure  in  the  CaCOa  phase.  Based  on 
tWs  crystallographic  relationship,  furthermore,  even 
the  growth  pattern  and  shape  of  the  overall  shells  may 
be  described.  There  are  significant  implications  of  this 
result  in  biomimetic  design  of  future  materials.  If  the 
inorganic  crystal  units  grow  under  the  close  scrutiny  of 
the  organic  matrix,  then  in  producing  inorganic  mate¬ 
rials  (thin  films,  small  particles,  bulk  or  laminated 
composites)  all  the  important  structural  features  of 
materials,  such  as  shape,  size,  crystallography,  and 
morphology,  may  be  pr^icted  based  on  the  structural 
coupling  between  the  organic  template  used  and  the 
knowledge  of  crystal  structure  of  the  desired  inorganic 
phase.  Future  studies  will  explore  these  possibilities 
both  studying  the  biological  composites,  such  as  nacre, 
and  other  sections  of  mollusks  and  echinoderms,  and  by 
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Fie.  11.  AFM  image  of  cleaved  surface  of  Ae  nacre  section  of  a  red 
abalone  shell:  The  low  magnification  image  m  (a)  shows  the 
view  of  the  aragonite  platelets  with  the  platelet  boimdanes 
by  arrows.  The  image  in  (b)  shows  the  detail  of  an 
aragonite  platelets  (arrows).  Corrugations  m  (b)  are  possibly  due  to 


plastic  deformation  of  the  organic  matra  du^ 

derine  of  corrugations  at  smaller  length  scale  is  di^rable  in  tte 

high  magnification  images  (c)  and  (d).  The  oripn  of  these 

ti^,  that  have  a  separation  of  about  5  nm,  is  not  yet  known.  Arrows 

in  (c)  and  (d)  show  periodic  organization  of  macromolecules. 


I 
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CONCLUDING  REMARKS  AND 

future  studies 

Biological  composites  were  diseased  in  the  rontext 
of  their  unique  micro-  and  nano-architectoe  which  r^ 
suit  in  excellent  properties.  Despite  considerable  effort 
in  the  field,  our  understanding  of  the  mechanisms  that 
operate  in  nacre  making  it  a  tough  and  strong  compos¬ 
ite,  and  current  knowledge  of  the  composition  and 


structure  of  the  organic  matrix  and  its  slroctmal  rela¬ 
tionship  with  the  inorganic  phase  are  still  limited.  1*  ur- 
ther  investigation,  therefore,  is  necessary  in  nacre,  Md 
other  similar  biomaterials  reviewed  here  before  their 
possible  biomimetic  applications.  Based  on  the  r^ults 
from  nacre,  one  of  the  widely  investigated  hard  tissue, 
some  of  the  major  issues  for  future  biomimetic  research 
may  be  stated  as  follows:  1.  On  mechanical  properties. 


I 
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niques  which  might  be  specialized  or  involve  all  modes 
of  microscopical  analysis  including  imaging,  diffrac¬ 
tion,  and  spectroscopy,  using  light,  X-rays,  neutrons,  or 
electrons  as  primary  radiation.  It  will  be  possible  only 
then  to  correlate  structures  at  different  length  scales 
including  their  functions,  and  achieve  design  rules  for 
synthesis  of  future  biomimetic  materials  with  tailored 
structures  and  properties. 
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Biological  composites,  such  as  bone,  dentin,  and  mollusk  shells,  have  complex  but  higWy 
ordered  structures  (Currey  (1987)).  The  interest  in  biological  composites  stems  from  the  fact 
that  these  materials  are  self  assembled  in  an  hierarchical  fashion  from  molecule  to  macro 
scale  and  that  the  resulting  assemblies  have  physical  properties  that  far  exceed  Aose  of  cu^ent 
svnthetic  materials  of  similar  elemental  or  phase  compositions.  'Hie  objective  of  biomirnetics 
is  to  understand  the  structures  and  mechanisms  of  formation  of  biological  com^sites  with  the 
aim  of  either  mimicking  the  microstructures  (biomimicking)  or  P^^^^sing  (bi^uplication) 
so  as  to  synthesize  novel  materials  for  technological  applicabons  (Sankaya  and  ^ay  (1994)). 

Some  examples  of  biological  hard  tissues  are  shown  in  Figures  1  -  4  which  present 
variety  of  nanostructures  involving  both  organic  and  inorg^c  components  in  vanous 
configurations  in  significantly  diverse  organisms.  Fig.  1  displays  a  stniig  or  magnetite,  Fe304 
(cubic),  particles  in  magnetotactic  bacteria.  T^e  particles  form  within  s^s 

that  regulate  ion  transport  and  control  nucleation  and  growth  (Blakemore  and  Frai^el  (1992)). 
The  particles  are  single  crystalline  and  have  a  perfect  lattice  (devoid  of  any  defecO,  sm^ 

(about  500  A  in  dia.,  and  hence  paramagnetic),  and  their  shapes  are  species  specific.  Fig.  2 
disnlays  distribution  of  fine  (50  A  dia.)  coherent  MgCOa  precipitates  m  a  calcite  (rhombo- 
hedral  CaCOa)  matrix  in  a  sea-urchin  spine.  The  spine  (0.5- 1.()  mm  m  dia.,  and  swei^  cm 
long)  is  a  "single"  crystal  but  has  an  intricate  microstructure  (Liu  Md  Sankaya  (1992)^  Itw 
microstructure  of  the  inner  section  of  a  nautilus  {Nautilus  pompelius)  shell  is  given  in  Fi^.  3 
which  displays  a  brick  and  mortar  microarchitecture  composed  of  aragomte  (orthorhombic 
CaCO^)  platelets  (0.5  pm  thick  and  5  pm  edge-length)  and  a  thin  (100  A)  film  of  cornposite 
organic  matrix.  The  microstructure  is  called  nacre,  or  "mother-of-pearl,"  and  can  be  frequently 
found  in  many  mollusk  species  (for  instance,  gastropods,  e.g.,  abalone,  and  biydves,  e.g.,  pearl 
oyster)  The  platelets  can  be  represented  mathematically  as  space  filling  multiple  tiles  that  are 
crystallographically  highly  organized  with  the  underlying  organic  matrix  from  nanometer  to 
macroscale,  resulting  in  nacre  (98%  inorganic)  that  has  mechanical  properties  that  far  exceed 
high  technology  ceramics  (Sarikaya  and  Aksay  (1994)).  Finally,  HREM  image  of  canbou 
antler  is  shown  in  Fig.  4  which  displays  ultrafine  hdyroxyapatite  crystallites  withm  a 
framework  of  collageneous  organic  matrix.  The  amount  of  inorganic  particles  can  reach  up  to 
50%  of  the  structure  resulting  in  toughness  values  exceeding  even  diat  of  a  mammalian  bone. 

In  all  these  examples,  formation,  crystallography,  shape,  micro-and  nanoarchrtecture  of 
the  inorganic  phase  are  controlled  by  an  organic  matrix  that  have  many  different  configurations 
and  are  subject  of  study  (Addadi  and  Weiner  (1990)  Mann  (1990)).  The  major  issues  m 
biomirnetics  are:  (i)  type,  amino  acid  composition  and  sequence,  confomation,  and  spatial 
distribution  of  organic  component,  its  self  assembly  and  structural  relationship  wi&  Ae 
inorganic  phase;  (ii)  ctystallography,  spatial  distribution,  nucleation,  and  growth  of  the 
inorganic  phase,  and  (iii)  properties  of  biocomposites. 
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fu  »  ^1  microscopy  in  this  multidisciplinary  field  is  the  single  most  important  technique 

that  would  provide  a  better  insight  into  the  formation  of  hard  tissues.  For  example  long-ranee 
conforination  and  assembly  of  organic  matrix,  including  polysaccharides  and  proteins  can  be 
analyzed  by  AFM  performed  in  liquids;  macro  scale  structures  can  be  imaged  by  light  optical 
microscopy  techniques  (such  as  Brewster  angle,  confocal,  fluorescence);  X-ray  microscopy 
diriraction,  and  spectroscopy  allows  the  determination  of  nanostructures;  and  electron 
microscopy  imaging,  diffraction,  and  spectroscopy  provide  information  on  crystallography 
nanostructures,  and  elemental  compositions.  These  will  be  addressed  in  the  presentation. 
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Figure  3:  Edge-on  view  of  brick  and 
mortar  structure  of  nacre  of  nautilus 
(inset). 


Figure  4:  A^M  image  of  caribou  antler 
(inset)  showing  hydroxyapatite  particles 
within  collageneous  matrix. 
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ORGANIC-INORGANIC  INTERFACES  IN  BIOLOGICAL  COMPOSITES 
Mehmet  Sarikaya 

Materials  Science  and  Engineering,  University  of  Washington,  Seattle,  WA  98195,  USA 

Biological  hard  tissues,  such  as  bone,  dentin,  and  mollusk  shells,  are  composite  materials  inc^orating  an 
organic  matrix  and  inorganic  crystallites  in  a  complex  nano-  and  micro-architecturd  forms.  The 
of^sical  sciences  in  biological  composites  stems  from  the  fact  that  these  matenals  are  self  ^^embled  in 
an  hierarchical  fashion  from  molecular  to  macro  scale,  and  that  the  resulting  assembhes 
that  far  exceed  those  of  current  synthetic  materials  of  similar  elemental  or  ph^e  composihons.  TJ 
oVecUve  of  biomimetics  is  to  either  mimick  structures  of  biological  composites,  biommickmg,  or  use  the 

Several  examoles  of  biological  hard  tissues  are  given  in  Figures  1  through  4.  Ultrafine  magnetic  partcles 
(FesOa-  magnetite)  form  mthin  raagnetosomes  (closed  biological  membranes)  in  magnetotacUc  bactena 
me  piuS  are  single  crystalline.  Their  size  (average  dia  500  A)  is  withm  the  single  dommn  regmn.  they 
have  a  perfect  lattice  (no  defects),  and  their  shape  is  species 

nrannirAiark  controls  ion  transport  and  regulate  the  nucleaUon  and  growth  ot  the  particles,  ine  seconu 

^eTveral 

no1  vcrvstalline  with  low-angle  grain  boundaries  contaimng  ultrafine  MgCOa  precipitates.  1  he  question 
hS  R  S  the  orgaSr^^^^^  is  involved  in  the  evolution  of  the  micro-  and  nano-structum  of  the  spine 
that  has  highly  intricate  structure  at  the  macro  scale.  The  third  example  is  from  mollusk  shells.  soj^ 
snecies  the^inner  section  has  a  layered  structure,  called  nacre,  which  is  ^  alternating  nanol^nate  of 
ionitic  platelets  (CaCOa;  orthorhombic)  and  organic  thin  film  (proteins  ^d  polysacchandes)  covering 
Se  Selets  a  stiiicture  Commonly  known  as  "mother  of  pearl."  The  highly  organized  struc^^ure^ 
fracture  toughness  and  strength  properties  that  surpass  high  technology  ceraimcs  such  as  S13N4. 

SiC  and  AI2O3.6  In  addition  to  being  an  integral  part  of  the  bioconiposite  the  orgamc  may  be  also 

involved  in  both  the  nucleation/growth,  and  the  shape  frmation  of  the  shell.  Fmally,  m  ^tler  bo  , 
ultrafine  particles  of  CaH(P04)3  form  within  a  network  of  callogeneous  matnx,  constituting  50%  of  the 
s^ctureS  providing  toughness  values  that  far  surpass  the  m^alian  skeletal  bone  Agmn  the 
qSion  iThow  the  organic  matrix,  in  the  ofrm  of  a  scafolding,  is  mvolved  in  the  formation  of  the 
inorganic  particles  and  their  distribution. 

Organic  macromolecules  (such  as  proteins  and  polysaccharides)  may  influence  the  formation  of  i^org^c 
phases  in  several  different  ways:  (i)  Organic  macromolecules  may  serve  as  nucleators  (or  seeds)  for  the 
formation  of  inorganic  crystals  of  a  certain  crystal  structure  and  composition;^  (11  Self-assembled 
macromolecules  with  spSific  charge  distribution,  stereochemical  and  geometrical  structures  may  “f™  “  “ 
template  for  inorganic  phases;^  (iii)  Macromolecules  may  regulate  ^owth  patterns  of 
modifying  their  free-surfaces  to  control  particle  morphology;^  (iv)  Macromolecules,  or  foeir  fractions,  y 
be  occfoded  within  inorganic  crystals  to  control  substructure,  and  hence,  modify  mtnnsic  matenals 
mo^rtiesflv)  Macromokcules  may  provide  scaffolding  with  long-range  order  w.thin  which  morgamc 
crystallites  form-  (vi)  They  may  provide  compartments  to  control  size  of  the  morgaruc  particles.  In 
Mentation  cunent  undemanding  of  these  issues  will  be  discussed  with  epmples  from  sever^ 
biological  and  synthetic  systems,  and  future  direction  will  be  addressed  in  the  formation  of  synthe  ic 
materials  with  structures  similar  to  biological  composites. 
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Fig.  1  -  Magnetite  particles  in  magnetotactic 
bacterium,  Aquaspirrilum  magnetotacticum 


A* 


Fig.  2  -  Structure  of  sea  urchin  spine 
displays  coherent  spherical  MgCOs 


Fig.  3  -  Edge-on  view  of  brick  and  mortar 
structure  of  nacre  of  a  cephalopod.  Nautilus 
pompelius. 


Fig.  4  -  AREM  image  of  caribou  antler 
displays  small  particles  of  hydroxyapatite 
within  a  collageneous  matrix. 
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Jtitulo  nanodesign  and  properties  of  a  biocomposite  for  biomimetics 

Mehmet  Sarikaya 

Materials  Science  and  Engineering,  University  of  Washington,  Seattle,  Washington  98195,  USA 

Biological  hard  tissues,  e.g.,  bone,  dentin,  and  mollusk  shells,  are  composites  of  organic  matrix  and 
inorganic  crystallites  often  forming  hierarchical  structures  from  nanometer  to  macro-scale^ 
Biocomposite  properties  are  superior  to  those  of  synthetic  materials  with  siimlar  phase  compositions^^ 
biomimetics,  dther  structures  are  mimicked,  biomimicking,  or  biolopcal  pathways  are  duplicated 
bioduplication,  in  synthesizing  novel  technological  materials.  Structural 

and  inorganic  components  is  fundamental  to  both  mechanisms  of  biominera  ization  and  to  biommetic 
design  and  synthesis  of  novel  engineering  materials.  An  overview  will  be  given  on  structures, 
mechanical  properties,  and  formation  of  biocomposites. 

Unique  microstructures  and  resulting  properties  in  biocomposites  can  be  inspirational  sources  for  future 
materials. Based  on  this  promise,  this  research  group  investigates  structures  of  biocomposites  to 
establish  relationships  with  properties  and  to  obtain  processing  stotegies  and  microstructural  desig 

criteria  for  the  development  of  new  materials  with  novel  properties. 

Biomaterials  of  engineering  interest  are  mostly  hard  and  stiff  tissues, 

Structure  is  composed  of  an  intricately  ordered  crystalline  inorganic  phase  (~95  vol.  %)  interspersed 
throughout  an  organic  matrix  which  controls  its  formation.! >2.5,6  An  example  is  shells  of  mollusks,  e.g., 
gastropod,  cephflopods,  and  bivalves,  display  two  types  of 

nacreous  (aragonite).  Nacre,  e.g.,  in  Haliotis  rufescens  is  composed  of  stacked  mpnite  Pl^tel^  (0-2 
0  5  urn  thick)^ arranged  in  brick  and  mortar  microarchitecture  with  organic  matrix  (10  -  40  nm  tmc  ) 
foridng  a  "glue"  between  the  platelets  (Fig.  1).  As  a  result  of  this  higWy  ordered,  but  simple  lan^at^- 

hierarchical  structure,  nacre  exhibits  an  excellent  combination  of  P^°P®^20  80  times 

Average  values  of  fracture  toughness,  Kic,  and  flexural  strength,  (^,  of  nacre  ^ 
that  of  synthetic  monolithic  CaCOa  and  2  to  3  times  that  of  high  technology  ceramics,  ^lus  result  is  the 
major  driving  force  in  producing  ceramic-based  composites  with  better  mechanical  properties  than 
existing  composites  through  nanoscale  lamination  based  on  lessons  from  biology  (cermets  m  Fig.  2). 

Several  toughening  mechanisms  in  nacre  are:  (i)  crack  “S;  <“> 

(iii)  plate  puU-out,  (iv)  crack  bridging  (ligament  formation),  and  (v)  sliding  of  CaCOs  layers.  Both 

sliding  (Fig.  3(a))  and  organic  ligament  formation  between  the  layers  (Fig.  3(b))  are 

mechanisms  as  they  are  the  main  energy  absorption  mechamsms  interfaces 

strength  of  nacre  may  be  due  to  the  size  and  structure  of  the  aragonite  platelets  and  the  strong  interfaces 

between  the  inorganic  and  the  organic  components. 

Formation  of  nacre  structure  and  its  control  by  the  organic  macromolecules  have  to  be  understood  for 
producing  engineering  structures  based  on  biology.  A  theoretical  model,  ^’j'.PP®^®^  •  ’ 

gives  nucleator  proteins  organized,  as  seeds,  m  pseudo-hexagonal  conforination  foma 

which  then  grow  by  self-generation  on  successive  layers  separated  by  organic  filrn  consisting  of  proteins 
and  polysaccharides  (Fig.  4).^  Growth  in  the  lateral  direction  occurs  with  ^agonite  crystallites  forimng 
a  3-D  multiple  tiling  with  hierarchical  structural  twinning.  The  "seeding 
nucleation,  and  hierarchical  crystallography  of  the  inorgpic  ^e  due  to  complex 

that  we,  one  day,  desire  to  bioduplicate  via  self-assembling  biomacromolecules  extracted  from  mollusk 
shells  used  for  biomineralization. 
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Table-I:  Biocomposites,  Structural-Design  and 
Physical  Properties 


material/  example 

comfKJsite 

structure 

properties 

small  particles  bacterial 

N 

magnetic,  opt. 

algal 

N 

electronic, 

ceramic/ceramic  sea-urchin 

B 

mech.  (wear ) 

ceramic/polymer  mollusk 

N,H 

mech.,  ferroelastic 

bone 

dentin 

n 

polymer/polymer 

N,  H  mech.,  opt. 
ferroelastic. 

laminated  cuticle 

N.H 

mech.,  opt. 

fiber/matrix  tendon 

N.H 

mech.,  ferroelastic 

fiber/fiber  silk 

N 

mech.  (tensile) 

liquid  crystalline  mocus 

N 

rheological 

N:  nano;  M:  micro;  B;  both;  H;  hierarchical;  opt.:  Optical 


Fig.  1  -Brick  and  mortar  microarchitecture 
of  nacre  and  schematic  illustration  (inset). 
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Laminate 


Pine  ta  da 
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rufescens 
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Si3N4(HP) 
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Fig.  2  -Properties  of  nacre,  synthetic  CaCOs  and 
high  technology  ceramics  and  cermets. 


Fig.  4  -  Edge  of  abalone  shell  shows  aragonite 
platelets,  separated  by  organic  membrane,  that  grow 
by  self-generation  on  successive  layers  of  nacre. 


Fig.  3  -  (a)  Sliding  of  platelets  and 
(b)  ligament  formation  by  the 
organic  matrix  between  platelets. 
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Biomimetics:  Creating  Materials  From  Nature’s  Blueprints 


By  Robin  Eisner 

In  order  to  design  a  21st-century, 
impact-resistant  substance,  materi¬ 
als  scientist  Mehmet  Sarikaya  of  the 
University  of  Washington  in  Seattle 
finds  inspiration  in  a  SOO-million- 
year-old  feat  of  evolution — the  shell 
of  a  present-day  mollusk,  the  aba- 
lone. 

Following  blueprints  drawn  from 
analysis  of  the  microarchitecture  of 
the  shell,  Sarikaya  and  colleague 
llhan  Aksay  have  manufactured  a 
prototype  material  that  mimics  the 
shell’s  laminar,  protection-provid¬ 
ing  structure. 

Sarikaya  is  one  of  growing  num¬ 
ber  of  materials  researchers  involved 
in  biomimicking,  or  biomimetics — 
the  study  of  the  structure  and  func¬ 
tion  of  biological  materials  and 
systems  as  models  for  materials  de¬ 
sign.  According  to  materials  scien¬ 
tist  Aksay,  also  from  the  University 
of  Washington,  about  500  scientists 
in  the  United  States  are  involved  in 
some  aspect  of  biomimicking,  al¬ 
though  they  might  not  identify  their 
specialty  as  such. 

What  they  have  in  common  is 
looking  at  nature  as  a  guide  to  create 
the  materials  for  the  new  machines, 
fabrics,  and  shelters  of  the  next  cen¬ 
tury.  While  biomimicking,  per  se, 
represents  a  small  part  of  the  federal 
government’s  cunent  resurgence  of 
interest  in  materials  research,  these 
scientists  see  their  approach  as  cru¬ 
cial  to  the  national  technology  devel¬ 
opment  effort  and  as  a  source  of 
opportunities  for  collaborations  in¬ 
volving  academic,  industrial,  and 
government  scientists  in  disciplines 
as  diverse  as  botany,  aerospace,  and 
condensed-matter  physics. 

Proponents  of  biomimetics  say 
there  are  numerous  economic,  envi¬ 
ronmental.  and  scientific  advantages 
to  be  gleaned  6om  their  approach  to 
materials  design.  Sarikaya  says  that 
when  the  time  comes  to  actu^ly  de¬ 
velop  materials  based  on  the 
biomimetic  paradigm,  around  IS  to 
20  years  from  now,  “we  will  most 
likely  use  raw  materials  that  are 
cheaper;  energy  costs  will  be  lower, 
since  many  of  the  processes  in  nature 
take  place  at  room  temperature;  and, 
to  some  extent,  these  materials  we 
make  will  be  biodegradable.” 

But  the  material,  based  on  the 
shell,  that  Sarikaya  and  Aksay  cre¬ 
ated  in  their  laboratory  at  the  Univer¬ 
sity  of  Washington — a  carbon, 
boron,  and  aluminum  mixture — is 
not  as  tough  or  strong  as  they  believe 
it  can  be.  Although  their  new  mate¬ 
rial  is  better  than  a  similar  substance 
composed  of  these  elements,  it  is  still 
not  as  good  as  the  shell  in  these 
parameters. 

Sarikaya  and  Aksay’s  material 
tested  1 .3  times  tougher  and  stronger 
than  the  standard  carbon,  boron,  and 
aluminum  mixture.  But  the  shell’s 
protein-and-calcium-carbonate-lay- 
cred  structure  has  hundred-fold  su¬ 
periority  to  the  strength  and  tough¬ 
ness  of  its  standard  of  comparison, 
calcium  carbonate — the  inorganic 


salt  that  makes  up  98  percent  of  the 
shell— alone.  Since  the  scientists 
cannot  directly  measure  their  new 
material  against  the  shell  for  these 
characteristics,  because  it  would  be 
like  comparing  apples  and  oranges, 
they  must  compare  these  magnitudes 
of  difference.  They  are  still  off  by  at 
least  a  factor  of  10. 

To  increase  the  toughness  and 
strength  of  their  biomimetics-pro- 
duced  material,  they  think  they  will 
have  to  make  the  component  layers 
of  their  substance  thinner.  The  mol¬ 
lusk  somehow  exudes  its  protein  in 
a  layer  that  is  two  hundred-mil¬ 
lionths  of  a  meter  thick  and  places  it 
upon  a  five  ten-millionths  of  a  meter 
layer  of  calcium  carbonate.  The  Uni¬ 
versity  of  Washington  group  can 
achieve  thicknesses  only  on  the 
order  of  a  hundred-thousandth  of  a 
meter.  Eventually,  though,  the  group 
expects  to  overcome  this  limitation 
by  layering  both  biologic  and  syn¬ 
thetic  materials  during  manufacture. 

According  to  researchers  work¬ 
ing  in  this  area,  the  collaborations 
that  are  necessary  for  biomimetics  to 
be  successful  will  generate  advances 
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for  all  the  scientific  disciplines  con¬ 
cerned.  Biologists,  for  example,  will 
ask  more  fundamental  questions 
about  the  nature  of  the  organisms 
and  systems  they  study  in  order  to 
answer  the  questions  that  the  chem¬ 
ists,  physicists,  and  engineers  pose 
when  they  do  materials  design.  “Bi¬ 
ologists  and  technologists  ate  finally 
coming  to  the  realization  that  there 
is  something  to  be  gained  by  seri¬ 
ously  working  together,”  says  Ste¬ 
phen  Wainwright,  a  mechanical 
biologist  at  Duke  University. 
Sarikaya  adds:  “There  is  no  way  a 
materials  scientist  will  be  able  to  do 
it  on  his  or  her  own.” 

Armutur  Srinivasan,  aerospace 
engireer  at  United  Technologies  in 
Hartford,  Conn.,  and  coeditor  of 
Biomimetics,  a  journal  that  Plenum 
Press  in  New  York  expects  to  launch 
in  the  springof  1992,  saysbiomimet- 
ics  will  spawn  new  kinds  of  scien- 


Sarikaya  looks  to  a 
SOO-milliM-year-old 
feat  of  evmution,  a 
mollusk,  In  designing  a 
21st-century  material. 


tific  instruments  ai^d  approaches  to 
materials  manufacturing.  “To  truly 
understand  materials  in  nature,  we 
have  to  see  them  in  their  living 
state,”  be  says.  “Most  of  the  mea¬ 
surements  we  make  ate  unnatural, 
based  on  dead  material.  This  field 
offers  opportunities  to  design  ma¬ 
chines  that  can  monitor  life  better. 
And  once  we  understand  how  mate¬ 
rials  are  made  in  living  systems,  we 
can  then  mimic  the  processes  artiri- 
cially  and  efficiently.” 

Wainwright  says  that  biological 
materials  and  systems  ate  multi¬ 
functional,  adaptive,  nonlinear, 
complex,  and,  in  general,  just  “weird 
and  wonderful”  compared  to  some¬ 
what  simplistic  synthetically  created 
materials.  Bone,  for  example,  is  far 
more  complicated  than  metals,  ac¬ 
cording  to  Srinivasan,  and  possesses 
remarkable  abilities  of  structural  ad¬ 
aptation  to  external  loading.  Bone 
differs  not  only  from  animal  to  ani¬ 
mal,  but  also  from  place  to  place 
within  the  same  animal.  It  changes 
over  time,  and  under  various  loading 
conditions. 

Wainwright  says  biomimetics  is 
the  single  most  exciting  thing  in  sci¬ 
ence  he  has  experienced  in  his  life. 
“And  I  am  turning  60  this  year,”  he 
says.  Since  biological  form  and 
function  will  be  the  key  to  materials 
design,  Wainwright  feels  that  de¬ 
scriptive  biology,  the  study  of  the 
structure  of  biological  systems,  will 
overcome  its  current  poor  reputation 
as  a  dead,  19th-century  sdence.  “It’s 
going  to  take  a  lot  of  morphologists 
[descriptive  biologists]  out  of  the 
ivory  tower  of  basic  research  into  the 
area  of  applied  research.  It  will  open 
many  doors  for  them,”  he  says. 

But  the  main  disadvantage  of  this 
kind  of  research  is  related  to  its  very 
advantage:  Most  biological  systems 
operate  at  room  temperature  and 


pressure,  and  often  in  aqueous  envi¬ 
ronments  that  aren’t  good  for,  say, 
aerospace  or  extreme  applications. 
“Jet  engine  parts  Kmetion  at 
2,000*?,”  says  Srinivasan.  “The 
challenge  for  materials  scientists  is 
to  leam  from  biological  systems  and 
modify  the  chemistry  so  we  can  ben¬ 
efit  Some  people  think  we  cannot  do 
it” 

Another  concern  of  biomimics  is 
that  too  much  ptdilicity  about  the 
field  will  arouse  unrealistic  expecta¬ 
tions  of  quick  success  by  govern¬ 
mental,  academic,  and  industrial 
research  grant  providers.  “If  they  ex¬ 
pect  results  and  they  don’t  happen, 
they  will  get  disenchanted,  cut  back 
on  funding,  and  hurt  the  people 
really  interested  in  the  field,”  says 
Aksay,  who,  along  with  Sarikaya, 
orgaiiized  a  three-day  conference  in 
Seattle  in  April  on  “Design  and  Pro¬ 
cessing  of  Materials  by  Biomimick- 
ing,”  sponsored  by  the  Air  Force 
Office  of  Scientific  Research. 

“But  this  field  will  only  reach 
maturity  after  many  years  of  work,” 
Aksay  says.  He  worries  that  the  field 
could  suffer  the  same  problems  that 
superconductivity  did  “Publicity 
will  make  people  expect  products  to 
be  rolling  out  of  the  manufacturing 
plant  in  the  next  four  to  five  years. 
But  the  real  scientists  know  it  takes 
much  longer  than  that.” 

Aksay’s  concern  is  timely. 
Biomimicking  is  part  of  a  larger  ef¬ 
fort  among  U.S.  scientists  and  poli¬ 
cymakers  to  develop  a  strong, 
economically  competitive  materials 
research  program  in  the  UJ5.  ’This 
past  April,  after  many  high-level 
meetings  and  a  Nadonal  Research 
Coui^  report,  the  Office  of  Science 
and  Technology  Policy  (OSTP)  in 
the  White  House  announced  its  plan 
to  coordinate  and  make  new  monies 
available  for  materials  research  in 
die  country. 

All  the  agencies  that  have  a  stake 
in  this  initiative,  which  will  be  ad- 
minisfered  by  the  OSTP’s  Federal 
Coordinating  Council  on  Science, 
Engineering  and  Technology 
(FCCSET),  are  in  the  process  of  pro¬ 
viding  their  budgetary  and  scientific 
input  to  this  executive-level  office. 
Analogous  multiagency  initiatives 
currently  administered  by  FCCSET 


coordinate  high-performance  com¬ 
puting  and  education  in  the  U.S. 

For  materials,  “each  agency  is 
driven  by  different  needs,”  says 
Msay.  “TTie  Department  of  Energy, 
for  example,  is  concerned  about  en¬ 
vironmentally  conscious  materials 
processing.  TTiey  are  looking  for  ma¬ 
terials  and  processes  that  are  energy- 
conserving,  nonpolluling,  and  recy¬ 
clable.  The  Department  of  Defense, 
on  the  other  hand,  is  interested  in 
materials  for  weapons  and  for  the  Air 
Force.  They  are  interested  in  air¬ 
planes  that  can  lift  off  without  a  run¬ 
way.  The  Navy  wants  materials  that 
will  protect  their  ships  from  corro¬ 
sion.  ’The  National  Institutes  of 
Health  want  biomaterials  that  have 
medical  applications.” 

Althou^  the  OSTP  materials 
program  will -be 'included  in  the 
president’s  1993  budget,  the  Na¬ 
tional  Science  Foundation  has  got¬ 
ten  a  jump  start  in  this  initiative  in 
the  agency’s  1992  budget  Accord¬ 
ing  to  Jim  Brown,  division  director 
of  molecular  biosciences  at  NSF, 
the  agency  expects  an  additional 
$25  million  for  materials  research 
in  1992  over  its  1991  allocation  of 
$59  million.  Of  that  new  money, 
some  $7  million  to  $9  million  is 
slated  for  biomimicking-related  re¬ 
search.  In  late  March,  thf  foundation 
sent  out  letters  announcing  the  funds 
to  5,000  scientists.  “We  hoped  to 
generate  the  development  of  collab¬ 
orations  for  eventual  proposal  sub¬ 
missions,”  says  Brown. 

The  same  day  that  the  OSTP 
made  its  armouncement,  the  two  sen¬ 
ators  fiom  New  Mexico,  Democrat 
Jeff  Bingaman  and  Republican  Pete 
Domenici,  introduced  the  Advanced 
Synthesis,  Processing  and  Commer¬ 
cialization  Act,  which  would  pro¬ 
vide  $475  million  over  the  next  five 
years  for  materials  research  partner¬ 
ships  among  industry,  academia,  and 
federal  lab^tories.  The  bill  allots 
an  additkmal  $474  million  for  uni¬ 
versity-based  efforts  exclusively. 

In  late  June,  the  Technology  and 
competitiveness  Subcommittee  of 
the  House  Committee  on  Science, 
Space,  and  Technology  held  a  hear¬ 
ing  focusingon  ways  to  beef  up  ma¬ 
terials  science  in  the  U.S.  Among  the 
issues  the  committee  discussed  with 
leaders  in  materials  research  were 
the  status  of  materials  technology, 
die  conseqimnces  of  foreign  domina¬ 
tion  in  this  field,  the  question  of  in¬ 
volvement  of  federal  labs  in  joint 
verdures  with  industry;  and  whether 
regulatory  and  safety  concerns  are 
impeding  the  development  and  com¬ 
mercialization  of  materials  in  the 
U-S- 

Says  a  staffer  on  the  subcommit¬ 
tee:  “Materials  are  essential  for  the 
economic  viability  and  competitive¬ 
ness  of  American  industry.  If  the 
U.S.  loses  out  on  this,  which  is  the 
cornerstone  for  numerous  other  in¬ 
dustries  in  the  U.S.,  we  are  in  trou¬ 
ble.”  And  according  to  materials 
scientist  Aksay,  biomimicking  will 
play  a  critical  role  in  keeping 
America’s  edge.  □ 
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Heeding  the  Call  of  the  Wild 

Drawn  by  the  engineering  brilliance  embodied  in  biological  materials,  a  growing  number 
of  researchers  and  entrepreneurs  are  getting  into  the  business  of  biomimicking 


If  nature  could  file  patents  on  the 
miraculous  materials  it  has  devised,  materi¬ 
als  scientist  Joseph  Cappello  and  his  fledg¬ 
ling  San  Diego  company.  Protein  Polymer 
Technologies,  Inc.,  might  end  up  paying 
out  a  lot  of  royalties.  Biology  has  two  prior 
claims  on  the  company’s  very  first  prod¬ 
uct — an  adhesive  for  gluing  living  cells  to 
Petri  dishes  and  other  surfaces.  The  adhe¬ 
sive,  which  mates  a  molecular  motif  from 
spider’s  silk  with  one  from  a  common  blood- 
plasma  protein  that  binds  living  cells  to  one 
another,  could  make  lab  technicians’  lives  a 
lot  easier,  Cappello  believes.  And  he  isn’t 
alone  in  his  debt  to  nature.  A  biology-sawy 
community  of  materials  scientists  is  pirating 
its  ideas  from  the  living  world — so  much  so 
that  if  species  other  than  our  own  could 
demand  intellectual  tribute,  a  host  of  aca¬ 
demic  and  corporate  researchers  would  have 
to  start  crediting  their  best  inspirations  to 
mollusks,  insects,  and  even  rodents. 

Some  members  of  the  tribe — known  as 
biomimetic  researchers — are  unabashedly 
striving  to  reverse-engineer  the  ancient  bio¬ 
chemical  secrets  that  enable  marine  mussels 
to  make  some  of  the  strongest  adhesives  in  all 
of  the  oceans.  Others  are  attempting  to  mimic 
the  chemical  and  engineering  virtuosity  em¬ 
bodied  in  the  tough,  hard  sheik  of  abalones. 
Still  others  are  filching  ideas  about  making 
lightweight  composite  materials  from  beetle 
cxoskeletons.  “Nature  has  these  wonderful 
solutions  and  exquisite  structures  that  arc  far 
beyond  anything  we  have  now,”  remarks 
Michael  T.  Matron,  molecular  biologs'  pro¬ 
gram  manager  in  the  Office  of  Naval  Re¬ 
search  (ONR),  which  has  funded  biomimetic 
materials  research  since  the  mid-1980s. 

Not  ever)'  materials  scientist  is  sanguine 
that  the  lessons  of  biolog)'  can  be  translated 
to  high-volume  industrial  processes  (see  box 
on  p.  968).  But  Matron  and  his  peers  have 
dedicated  themselves  to  proving  the  skeptics 
w'rong.  They  hope  to  push  the  performance 
envelope  of  materials — creating,  say,  more 
capable  armor,  extra -durable  textiles,  or  light¬ 
weight  composite  materials  for  advanced  air¬ 
craft — by  imitating  the  molecular  makeup, 
microscopic  architecture,  and  manufacturing 
processes  of  biological  materials. 

As  biomimetic  researchers  see  it,  much  of 
their  basic  R&D  has  been  done  for  them — 


by  the  process  of  natural 
selection.  “Nature  has 
been  developing  materi¬ 
als  for  hundreds  of  mil¬ 
lions  of  years,”  remarks 
Frederick  L.  Hedberg, 
program  manager  at  the 
Air  Force  Office  of  Sci¬ 
entific  Research  (AFOSR), 
which  oversees  a  modest 
biotechnology  initiative 
that  includes  about 
$500,000  for  a  handful 
of  projects,  among  them 
the  development  of  paint-stripping  enzymes, 
marine  adhesives,  and  aircraft  materials  based 
on  biological  models.  Over  the  eons,  evolu¬ 
tionary  selection  pre^ure  has  put  millions  of 
biological  materials  themes  to  the  test,  lead¬ 
ing  to  today’s  long  catalogue  of  durable, 
strong,  fracture-resistant,  elastic,  energy-ab¬ 
sorbing,  lubricating,  self-repairing,  self-as¬ 
sembling  materials.  Inferior  materials  went 
the  way  of  unsuccessful  species,  notes  George 
Haritos,  associate  direaor  of  AFOSR. 

In  that  vast  catalogue  of  biological  materi¬ 
als,  researchers  have  identified  a  common 
theme:  They  all  reflect  exquisitely  precise 
control  over  composition  and  structure  at 
every  level,  from  atomic  and  molecular  com¬ 
ponents  through  intermediate  structures  such 
as  fibers  and  crystals  on  up  to  v'isible  objects 
such  as  tendons,  bones,  and  skin.  That  mul¬ 
tilevel  control  is  a  skill  that  materials  scientists 
are  eager  to  acquire.  “Learning  from  these 
complicated  hierarchical  material  systems  is 
the  goal,”  explains  chemist  Eric  Baer  of  Case 
Western  Reserve  University. 

As  an  example,  Baer  cites  collagen,  a  pro¬ 
tein-based  material  found  in  connective  tis¬ 
sue,  tendon,  tooth,  and  bone.  Collagen  fibers 
are  structured  rather  like  cables  made  up  of 
bunches  of  twisted  wire  strands,  with  each 
strand  a  protein  molecule.  Thanks  to  that 
structure,  they  are  strong,  flexible,  and  tough, 
since  the  breakage  of  individual  strands  or 
bunches  leaves  the  structure  as  a  whole  intact. 
Materials  scientists  could  build  better  proper¬ 
ties  into  their  products  by  imitating  that  sort 
of  microscopic  hierarchy,  Baer  says. 

He  isn’t  preaching  slavish  imitation,  how¬ 
ever.  Biomimickry  most  often  involves  bor¬ 
rowing  nature’s  design  principles  but  execut¬ 


ing  them  in  quite  differ- 
^  ent  materials  (see  oppo- 
I  site  page).  Stephen  Gun- 
dersen  of  the  University 
of  Dayton  Research  In¬ 
stitute,  for  example,  has 
been  trying  to  imitate  the 
multilayer  construction 
that  toughens  the  cuticle 
of  the  bess  beetle,  a  bio¬ 
logical  composite  turned 
up  by  one  of  Gundersen’s 
colleagues  during  a  lit¬ 
erature  search.  But  the 
resulting  biomimetic  materials — ^possible  pro¬ 
totypes  for  strong,  feilure-resistant,  and  light¬ 
weight  aircraft  composites — ^would  be  made 
of  decidedly  unbiological  materials  such  as 
epoxy  resin  and  carbon  fibers.  Similarly,  Paul 
Calvert  and  his  colleagues  at  the  University  of 
Arizona  are  using  synthetic  ceramics  and  poly¬ 
mers  to  mimic  the  intricate  architecture  of 
mineral  and  protein  found  in  rat’s  tooth. 

Translating  such  natural  microstructures 
into  lab-made  materials,  Gundersen,  Calvert, 
and  other  biomimickers  are  finding,  takes 
painstaking  work.  Standard  laboratory  tech¬ 
niques  for  making  materials  are  ill-suited  to 
giving  researchers  the  kind  of  moleculc-to- 
macromaterials  control  that  results  in  some¬ 
thing  like  collagen  or  insect  cuticle.  In  mak¬ 
ing  a  material  as  simple  as  calcite  (a  form  of 
calcium  carbonate),  for  example,  chemists 
and  sea  creatures  couldn’t  be  further  apart  at 
the  moment.  Chemists  make  calcite — the 
stuff  of  chalk  and  over-the-counter  antacid 
pills — by  precipitating  it  in  bulk  from  a  solu¬ 
tion.  The  ions  crystallize  willy-nilly,  most 
often  into  simple  cubes.  In  sea  urchins,  a 
favorite  object  lesson  for  biomineralization 
researchers,  calcite  crystallization  takes  place 
within  individual  cells,  which  control  the 
process  to  produce  crystals  with  extremely 
intricate  architectures:  Witness  the  urchins’ 
arrays  of  predator-deterring  spines,  each  spine 
a  single  calcite  crystal. 

And  that  inspires  biomimickers  to  learn 
not  just  what  nature  has  done  but  how'  it  does 
it,  notes  Stephen  Mann,  a  chemist  at  the 
University  of  Bath  who  studies  how  organic 
structures  resembling  cell  membranes  can 
serve  as  precise  templates  for  forming  miner¬ 
als.  Mann,  Ilhan  Aksay  and  Mehmet  Sarikaya 


Crystal  power.  The  porous,  intricate 
structure  of  a  sea  urchin  spine  is 
actually  a  single  crystal  of  calcite. 
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Sturdy  as  a  VW  bug?  A  bess  beetle  goes  through  life  armored 
with  an  exoskelelon  consisting  of  a  protein  matrix  riddled  with 
layers  of  chitin  fibers,  as  shown  in  an  electron  micrograph  (center). 


The  chitin  layers  are  criss-crossed  like  the  reinforcing  plies  in  an 
old  tire.  The  structure  inspired  a  strong,  lightweight  composite 
(right)  of  epoxy  polymer  matrix  with  carbon  reintordng  fibers. 


Abalone  architecture.  In  the  tough 
inner  layer  of  its  shell  (center  right), 
an  abalone  lays  down  calcium  car¬ 
bonate  crystals  in  a  bricklike  pat¬ 
tern  with  a  mortar  of  organic  poly¬ 
mers  such  as  chitin.  The  resulting 
material  is  not  only  strong  but  also 
fracture  resistant,  since  a  fissure  is 
forced  to  take  a  tortuous  path 
through  the  layered  structure.  The 
synthetic  analogue  (far  right)  con¬ 
sists  of  multiple  layers  made  of  a  boron-carbide/polypropytene 
mixture  alternating  with  thinner  layers  of  polypropylene. 


Rodent  dentistry.  Rats  can  gnaw  through 
cans  thanks  to  their  tough,  wear-resistant 
teeth.  The  secret  lies  in  crossed  rods  of 
hydroxyapatite  (a  calcium  compound  that  is 
also  the  main  mineral  in  bone)  embedded  in 


collagen,  a  biological  polymer.  The  struc¬ 
ture  (center),  has  inspired  a  biomimetic 
material  in  which  elongated  particles  of 
the  mineral  titania  (Ti02)  are  distributed 
through  a  polymer  matrix  (right). 
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Artificial  wood  grain.  The 
cellular  structure  of  Dou¬ 
glas  fir  wood  (right)  serves 
as  a  mold  for  depositing 
the  ceramic  precursor 
tetraethoxysilane.  Water 
already  within  the  cellulose 
of  the  cell  walls  hydrolyzes 
the  precursor  into  a  ce¬ 
ramic.  Heating  the  prepa¬ 
ration  to  800  C  gets  rid  of 
the  cell  material,  leaving  behind  a  cellular  ceramic  (far  right) 
—strong  but  lighter  than  the  monolithic  material. 
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of  the  University  of  Washington,  and  others 
have  been  learning  how  to  draw  crystal  pre¬ 
cursors  into  tiny  sacs  or  sheets  made  of  phos¬ 
pholipids,  the  same  kind  of  molecules  that 
make  up  the  membranes  of  living  cells.  The 
membranes  serve  as  templates  or,  as  Aksay 
prefers  to  call  them,  “nanoscale  reaction  ves¬ 
sels,”  for  crystal  growth.  These  scientists  ul¬ 
timately  hope  to  use  collections  of  such  crys¬ 
tal-growing  templates  for  controlling  the  size 
and  shape  of  ceramic  crystals  and  organizing 
them  into  technologically  important  forms — 
“elaborately  structured  ceramics,  finely  pow¬ 
dered  catalysts,  or  single  crystals  of  unusual 
shapes  for  electronic  devices”  are  some  of  the 
possibilities  Mann  lists. 

An  important  bonus,  says  Marm,  is  the  fort 
that  these  tiny  crystal  factories  work  at  nor¬ 
mal  temperatures  and  pressures.  Indeed, 
that’s  typical  for  materials  manufacturing 
modeled  on  biological  processes.  In  contrast 
to  the  harsh  conditions  and  toxic  effluents  of 
human  manufacturing,  living  creatures  make 
their  own  high-performance  materials  in 
aqueous  environments,  at  low  temperatures. 


and  under  physiologically  fnendly  conditions. 
As  a  result,  Calvert  points  out,  biomimetic 
material  making  could  lead  to  more  environ¬ 
mentally  sound  manufacturing  methods. 

Still,  the  minuscule  reaction  vessels  in 
which  living  things  make  the  hard  parts  of 
their  anatomies  often  cook  too  slowly  for  the 
purposes  of  modem  industry,  says  Dan  Unry, 
a  University  of  Alabama  materials  scientist 
whose  10  years  of  work  with  protein-based 
polymers  led  to  his  founding  of  Bioclastics 
Research,  Ltd.,  in  Birmingham  2  years  ago. 
“The  clam  makes  its  shell  over  a  long  period 
of  time,”  he  points  out.  So  after  discovering 
the  rules  by  which  animals  slowly  make  bones, 
teeth,  shells,  and  spines,  biomimetic  ceramic 
researchers  need  to  learn  ways  of  speeding  up 
these  biomincralization  processes,  he  says. 
But  Calvert  suggests  a  simple  remedy:  using 
a  feed  solution  more  concentrated  than  the 
seawater  from  which  marine  animals  extract 
the  building  blocks  for  their  ceramics. 

Researchers  trying  to  harness  biological 
polymer-making  methods  may  face  fewer 
hurdles  in  trying  to  scale  up  to  industrial 


No  iSasy  Lessons  in  Nature 

A  researcher’s  role  in  life  might  be  described  as  pushing  the 
bounds  of  optimisni.  That  doesn’t  mean,  however,  that  the 
materials  scientists  who  are  trying  to  imitate  the  products  and 
processes  of  nature  think  their  task  will  be  simple  (see  main  text). 

But  their  efforts  to  be  pragmatic  strike  Rustum  Roy,  a  veteran 
materials  scientist  at  Peimsylvania  State  University  who  is  known 
for  his  outspokenness,  as  poUyannaish.  When  it  comes  to  the 
potential  payoffs  of  biomimetic  research,  Roy  also  pushes  the 
bounds^— of  pessimism.  “Mimicking  nature  has  the  same  chance 
as  a  snowball  in  hell,”  Roy  told  Science. 

In  a  memo  sent  earlier  this  year  to  funding  agencies — including  the  National 
Science  Foundation,  the  Office  of  Naval  Research,  and  the  Air  Force  Office  of 
Scientific  Research  (AFOSR) — and  in  other  documents  that  have  circulated  through¬ 
out  the  materials  science  community,  Roy  has  blasted  the  field.  Exaggerated  claims 
about  the  potential  for  mimicldng  biological  materials  and  the  technological  promise 
it  holds,  he  warns,  can  distort  national  goals  for  materials  research. 

Roy  was  prompted  to  write  his  memo  by  a  research  report  and  accompanying 
commentary  that  appeared  in  Nature  on  24  January.  He  claimed  the  work — a 
biologically  inspired  experiment  in  which  cadmium  sulfide  crystals  were  precipitated 
within  a  synthetic  matrix — duplicated  (without  crediting)  earlier  studies  published  by 
him  and  others.  The  memo  stressed  that  biomimetic  materials  researchers  should 
scour  the  literature  so  as  not  to  neglect  crediting  earlier  researchers — a  plea  his  fellow 
materials  scientists  mostly  welcome.  But  Roy  went  on  to  question  the  concept  of 
biomimetic  materials  as  a  whole. 

As  his  complaint  about  credit  shows,  Roy  himself  has  not  been  immune  to  the  hire 
of  biomimicking;  in  his  ceramics  research  he  has  sometimes  sought  to  duplicate 
natural  mineralization  processes.  But  those  attempts,  he  says,  taught  him  that  the 
mild  conditions  biology  uses — ^which  enthusiasts  tout  as  an  added  benefit  of  the 
biomimetic  strategy — just  don’t  allow  materials  to  be  synthesized  fast  enough  for 
industrial  purposes. 

Many  biomimickers  acknowledge  the  need  to  find  ways  to  accelerate  natural 
processes,  but  they  think  it’s  too  early  to  be  discouraged.  Besides,  says  AFOSR  associate 
director  George  Haritos,  “Nothing  ventured,  nothing  gained.”  ■  I-A. 


production,  notes  synthetic  chemist  David 
Tirrell  of  the  University  of  Massachusetts. 
For  one  thing,  organisms,  especially  when 
working  en  masse,  can  churn  out  natural 
polymers  such  as  proteins  at  a  good  clip.  For 
another,  the  path  has  been  smoothed  by 
biotechnology  researchers,  who  arc  already 
engineering  bacteria  to  produce  proteins. 
Now  Tirrell  and  others  arc  harnessing  bacte¬ 
ria  to  make  artificial  materials — specialized 
biomimetic  polymers.  Equipped  with  genes 
for  the  chemical  units  of  the  novel  materials, 
the  bacteria  act  as  minuscule  polymer  facto¬ 
ries,  working  in  parallel  by  the  billions. 

Two  early  fruits  of  this  strategy  are  Protein 
Polymer  Technologies’  cell  adhesion  product 
and  the  candidate  products  of  Urry’s  fledg¬ 
ling  company.  Urry  and  his  colleagues  arc 
developing  a  scries  of  epithclium-like  materi¬ 
als  with  a  molecular  structure  partially  mim¬ 
icking  the  elastin  proteins  fiaund  in  blood 
vessels,  lungs,  and  other  tissues  that  repeat¬ 
edly  stretch  and  relax.  The  Navy  is  interested 
in  trying  out  such  materials  as  resorbable 
surgical  implants;  by  providing  a  compliant 
layer  between  a  patient’s  tissues,  the  implants 
might  prevent  the  painful  and  sometimes 
dangerous  “surgical  adhesions”  that  often 
form  after  an  operation. 

The  small  scale  of  these  ventures  empha¬ 
sizes  how  far  research  and  development  on 
biomimetic  materials  still  has  to  go.  For  now, 
many  researchers  arc  driven  more  by  the  thrill 
of  uncovering  and  trying  to  imitate  the  ex¬ 
quisite  match  between  biological  form  and 
fbnetion  than  by  the  lure  of  the  market. 
“These  are  early  days  yet,”  Mann  stresses. 

And  like  any  field  in  its  infancy,  this  one 
faces  threats  to  its  future.  For  example.  Mat¬ 
ron  of  the  ONR  fears  industry  may  not  be 
willing  to  face  development  periods  that 
could  last  5  years  or  more,  poor  prospects  for 
short-term  gains,  and  the  lack  of  any  guaran¬ 
tee  that  biomimetic  products  will  ever  catch 
on  in  a  marketplace  raised  on  conventional 
synthetic  materials. 

Marron  and  like-minded  scientists  are  bi¬ 
ased,  of  course,  but  they  see  the  potential 
payoffs  of  their  work  as  more  than  making  up 
for  such  uncertainties.  Pursued  to  its  limit, 
the  most  enthusiastic  of  the  tribe  will  argue, 
the  approach  could  even  expand  the  defini¬ 
tion  of  materials  beyond  the  inert  substances 
the  word  now  conjures.  Julian  Vincent,  an 
expert  in  biological  materials  at  the  Univer¬ 
sity  of  Reading,  puts  it  this  way:  “If  some  of 
the  techniques  of  nature  could  be  exploited, 
self-designing,  self-adjusting,  and  self-repair¬ 
ing  structures  could  be  developed.”  Vincent 
and  his  fellow  biomimetic  researchers  wall 
have  to  pull  off  heroic  feats  to  justify  this 
dream,  but  if  they  do,  they  will  have  imitated 
not  just  the  structures  but  the  very  dynamism 
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or  beach  lovers, 
the  seashell  sym¬ 
bolizes  sand,  surf 
and  sun.  Children 
quickly  learn  to 
tap  its  hidden  tal¬ 
ents.  By  putting  one  close  to  their  ears, 
they  can  listen  for  that  familiar  ocean 
roar. 

But  for  materials  scientists,  the  sea- 
shell  symbolizes  something  much  more 
elusive.  They  cherish  the  seashell’s  integ¬ 
rity:  Though  made  from  simple  stuff, 
mollusk  shells  are  quite  tough  and  strong. 
In  fact,  organisms  create  a  whole  host  of 
hard  materials,  each  suited  to  a  particu¬ 
lar  purpose. 

Out  of  seawater,  oysters  fashion  pearls, 
the  nautilus  crafts  chambered  compart¬ 
ments,  snails  make  intricately  spiraled 
shells,  sea  urchins  grow  long,  piercing 
spines  and  bacteria  piece  together  inter¬ 
nal  compass  needles  that  guide  them  to 
suitable  environments  (see  sidebar, 
p.330).  In  a  matter  of  hours,  a  hard, 
protective  shell  begins  to  encase  a  hen’s 
developing  egg.  Vertebrates  make  bones 
that  they  repair  and  remodel  throughout 
their  lives  and  teeth  sculpted  to  meet 
their  particular  grinding,  gnashing,  rip- 
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ping  or  munching  needs. 

Organisms  fashion  all  these  bio¬ 
minerals  with  great  precision  and  under 
conditions  that  would  make  many  pro¬ 
cessing  engineers  envious.  Over  and  over 
they  demonstrate  that  whatever  engi¬ 
neers  can  do,  nature  can  do  better  and  on 
a  much  finer  scale.  “We  haven’t  tried  the 
molecular  engineering  that  exists  in  na¬ 
ture,"  says  Arthur  H.  Heuer,  a  materials 
scientist  at  Case  Western  Reserve  Univer¬ 
sity  in  Cleveland. 

As  researchers  strive  to  create  and 
customize  new  materials,  they  come  to 
appreciate  the  prolific  artistry  of  biolog¬ 
ical  systems.  “The  cells  are  really  kind  of 
amazing  little  workhorses,”  says  David  J. 
Fink,  a  chemical  engineer  with  CollaTek, 
Inc.,  in  Columbus,  Ohio.  Sometimes  these 
cells  work  like  master  artists,  takingyears 
to  create  a  finished  product.  Other  times, 
they  dash  off  a  new  layer  of  biomineral 
quite  quickly. 

Slow  growth  yields  layers  of  thin  inor¬ 
ganic  plates  sandwiched  in  an  even  thin¬ 
ner  organic  matrix,  a  “glue”  of  proteins 
and  other  molecules,  says  Heuer.  These 
layers  lie  parallel  to  the  substrate  upon 
which  they  form.  With  fast  growth,  the 
matrix  and  mineral  build  columns  per- 
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Electron  micrograph 
shows  bacterium 
with  its  chain  of 
rectangular,  mem¬ 
brane-encased 
magnetic  particles, 
which  help  orient 
the  microbe  as  it 
uses  its  two  flagella 
to  swim. 
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pendicular  to  the  substrate 
surface.  Each  organism  shapes 
this  hard  stuff  while  deposit¬ 
ing  it,  often  by  incorporating 
building  blocks  into  a  hier¬ 
archical  architecture  that  re¬ 
peats  itself  from  microscopic 
to  macroscopic  dimensions. 

Different  levels  of  the  hier¬ 
archy  impart  different  proper¬ 
ties  to  the  finished  material. 

Biominerals  offer  almost 
everything  a  materials  scien¬ 
tist  could  want  —  without  re¬ 
quiring  any  special  processing 
environment.  Seashells  con- 
sist  of  calcium  carbonate,  the 
stuff  of  chalk.  Yet  “the  toughness  of  the 
abalone  and  the  pearl  oyster  is  twice  as 
high  as  any  high-tech  ceramics,”  says 
Mehmet  Sarikaya,  a  materials  scientist  at 
the  University  of  Washington  in  Seattle. 
“Also,  the  shells  are  tough  and  strong  at 
the  same  time.”  Most  synthetic  materials 
fail  because  even  tiny  cracks  grow,  com¬ 
promising  the  material’s  integrity.  But  in 
biominerals,  small  cracks  tend  not  to 
grow,  says  Arthur  Vfeis,  a  biochemist  at 
Northwestern  University  Dental  School 
in  Chicago. 

By  looking  in  great  detail  at  the  struc¬ 
ture  of  a  few  biominerals,  Sarikaya,  Veis 
and  others  have  begun  to  fathom  what 
makes  the  shell  so  tough  and  strong  (SN: 
12/9/89,  p.383).  At  the  March  meeting  of 
the  American  Physical  Society  in  Indi¬ 
anapolis,  Sarikaya  described  a  recipe  for 
mimicking  nature  that  may  help  scien¬ 
tists  improve  synthetic  materials.  Even¬ 
tually,  he  and  others  hope  to  learn 
enough  of  nature’s  secrets  to  duplicate 
what  organisms  seem  to  accomplish  with 
so  little  effort. 

“You  know  that  a  complex  ceramic 
material  got  made  somehow,  so  there’s 
incentive  to  learning  how  that  is  done,” 
says  Fink.  “The  key  is  to  be  able  to  isolate 
and  reconstruct  what  happens.” 

The  secret  lies  in  the  way  organisms 
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ix  years  ago,  while 
visiting  the  Olym¬ 
pic  Peninsula  in 
Washington,  Sari- 
kaya  bought  a  red 
abalone  shell  from 


Though  quite  differ¬ 
ent  in  appearance, 
the  thick-shelled 
red  abalone  (near 
left)  and  the  delicate 
nautilus  (far  left) 
build  their  shells 
in  a  similar  way, 
one  that  materials 
scientists  hope  to 
mimic. 


six-sided  calcium  carbonate  bricks,  with 
a  thin  organic  “mortar”  in  between.  Each 
brick  layer  is  about  0.25  micron  high, 
while  the  mortar  ranges  from  10  to  50 
nanometers  thick. 

The  mortar  itself  seems  layered.  Large, 
acidic,  protein-like  molecules  surround 
a  core,  which  probably  consists  of  a 
tough  carbohydrate  substance  called 
chitin.  Giant  soluble  molecules  form  a 
top  coating.  The  acidic  molecules  assem¬ 
ble  themselves  in  such  a  way  that  they 
form  a  template  for  crystal  growth,  says 
Sarikaya. 

To  their  surprise,  the  researchers  also 
found  this  brick-and-mortar  arrange¬ 
ment  in  the  free-swimming  chambered 
nautilus  and  in  pearl  oyster  shells,  even 
though  these  mollusks  shape  the  mate¬ 
rial  quite  differently.  “Although  these  or¬ 
ganisms  diverged  [evolutionarily]  from 
each  other  hundreds  of  millions  of  years 
ago,  they  have  exactly  the  same  structure 
at  the  nanometer  level,"  says  Sarikaya. 
The  abalone  makes  flat,  impact-resistant 
layers  one-half-inch  thick  so  that  otters 
and  other  predators  must  work  quite 
hard  to  crack  the  shell.  The  nautilus,  a 


put  a  mineral's  molecules  together.  Or¬ 
ganisms  seem  to  rely  on  proteins  and 
other  large  molecules  to  order  inorganic 
molecules  and  to  control  the  size  and 
shape  of  the  resulting  crystal.  Last 
month,  geologists  used  the  atomic  force 
microscope  to  observe  the  formation  of 
one  such  crystal,  calcite  (SN:  4/18/92, 
p.246).  Other  research  groups  are  now 
working  to  determine  which  molecules 
direct  that  process. 

“The  kind  of  understanding  that  we  will 
get  from  biology  certainly  will  give  us 
more  insight  into  how  to  do  a  better  job,” 
says  Heuer,  who  with  several  colleagues 
summarized  current  understanding  of 
biomineralization  in  the  Feb.  28  Science. 
That  understanding  has  developed  only 
after  years  of  effort. 


a  street  vendor.  The  abalone  survives  for 
decades,  adding  about  an  inch  a  year  to 
its  armor  until  the  shell  measures  about  a 
foot  across.  The  shell,  a  natural  ceramic 
consisting  of  95  percent  inorganic  mate¬ 
rial,  fascinated  Sarikaya.  Until  then,  biol¬ 
ogists  had  studied  shell  structure  by  first 
removing  the  inorganic  component.  Sari¬ 
kaya  wondered  what  he  would  see  if  he 
examined  the  shell  from  a  materials  sci¬ 
entist’s  perspective  —  with  the  inorganic 
part  intact. 

He  and  University  of  Washington  col¬ 
league  Ilhan  A.  Aksay  observed  that  the 
shell  consists  of  two  layers.  Calcite  makes 
up  a  rough  outer  layer,  while  aragonite 
makes  up  the  inorganic  portion  of  the 
inner  layer,  called  the  nacre. 

They  expected  abalone  aragonite  to 
resemble  the  aragonite  found  in  meta- 
morphic  rock  in  Aragon,  Spain.  But  the 
two  versions  looked  quite  different.  This 
means  that  the  abalone  cell  somehow 
controls  crystal  development— a  feat  that 
still  eludes  materials  scientists,  says 
Sarikaya. 

In  abalone,  they  saw  a  brick-and- 
mortar  configuration:  stacked  layers  of 

Micrographs  show  side  (top  right)  and 
face-on  (bottom  right)  views  of  nacre's 
aragonite  bricks,  with  a  close-up  of 
brick-and-mortar  construction  (below), 
made  up  of  calcium  (C)  and  organic 
matrix  (OM). 
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A  biological  orientation 


Almost  800  years  ago,  Arabian  sailors 
used  a  fish-shaped  iron  leaf  suspended 
in  water  to  guide  their  journeys  north¬ 
ward  on  cloudy  nights.  But  nature  first 
harnessed  Earth’s  magnetic  field  for 
navigation  long  before  that.  For  millions 
of  years,  “magnetotactic”  bacteria  have 
made  their  own  internal  compasses. 

Richard  R  Blakemore,  a  microbiolo¬ 
gist  at  the  University  of  New  Hampshire 
in  Durham,  discovered  these  organisms 
in  mud  samples  almost  20  years  ago, 
when  he  noticed  that  they  tend  to 
gather  at  the  north  end  of  water  drop¬ 
lets.  Since  then,  researchers  have 
sought  to  understand  how  the  bacteria 
make  and  use  their  microscopic  com¬ 
pass  needles.  Recent  interest  in  mimick¬ 
ing  nature’s  handiwork  has  made  some 
researchers  wonder  about  recruiting 
these  microbes  to  make  magnetic  parti¬ 
cles  for  commercial  applications. 

“The  bacteria  are  able  to  control  the 
[particle’s]  size,  shape  and  placement  in 
the  cells.  This  is  submicron  technology. 
We  would  like  to  know  how  they  do  it,” 
says  Richard  B.  Frankel,  a  biophysicist 
at  California  Polytechnic  State  Univer¬ 
sity  in  San  Luis  Obispo. 

Many  kinds  of  bacteria  make  mag¬ 
netic  particles.  Some  make  an  iron 
sulfide  crystal,  such  as  greigite;  others 
make  magnetite,  an  iron  oxide.  Scien¬ 
tists  are  evaluating  the  phylogenetic 
relationship  between  these  two  types  to 
understand  better  how  -  and  how  often 
—  magnetic  biomineralization  evolved. 

He  thinks  the  magnetite  makers  col¬ 
lect  iron  and  convert  it  to  a  stable  iron 
oxide  to  create  the  magnetite  crystal. 
But  at  least  three  species  that  have  poor 
access  to  oxygen  combine  iron  with 
sulfur  instead,  Frankel  reported  at  the 
March  1991  meeting  of  the  American 
Physical  Society  in  Indianapolis.  Iron 
accounts  for  2  percent  of  the  organism’s 
total  weight,  making  these  bacteria  “the 
most  prodigious  iron  accumulators  in 
the  world,”  he  says. 

But  each  kind  of  bacterium  custom¬ 
izes  its  particle,  says  Frankel.  Some 
adopt  cubic-octahedral  arrangements, 
while  others  build  six-sided  or  rec¬ 
tangular  prisms.  “This  tells  us  that  the 
mineralization  part  in  these  bacteria  is 
very  highly  controlled,”  says  Dennis  A. 
Bazylinski  at  Virginia  Polytechnic  Insti¬ 
tute  and  State  University  in  Blacksburg. 

“It’s  the  equivalent  of  our  producing 
bones  and  teeth.  For  a  long  time,  people 
thought  only  higher  organisms  could  do 
this  [biomineralization],”  says  Frankel. 
But  the  closer  researchers  look,  the 
more  the  microbial  process  seems  to 
resemble  that  occurring  in  vertebrates. 
A  membrane  encases  each  particle, 
indicating  that  an  organic  component 
plays  a  key  role  in  forming  the  inorganic 


component.  That  membrane  probably 
contains  a  protein  that  lures  iron  com¬ 
pounds  out  of  solution  and  concen¬ 
trates  them  inside  the  membrane. 

“What  the  membrane  seems  to  do  is 
not  only  regulate  the  deposition  of  the 
particle,  but  also  control  its  position 
relative  to  the  cell’s  other  particles,” 
says  Frankel. 

A  microbe  makes  about  20  particles, 
each  some  50  nanometers  long  -  just  big 


enough  to  have  the  internal  polariza¬ 
tion  needed  to  orient  in  a  magnetic  field, 
but  not  so  big  that  the  particle  has 
multiple  regions  of  polarization,  which 
might  weaken  the  magnetic  response. 
Then  the  particles  line  up  north  to 
south,  and  this  chain  polarizes  the  cell. 
“It  creates  a  hierarchical  structure,” 
says  Frankel.  While  each  particle  will 
orient  itself,  the  series  of  15  or  20 
makes  the  magnetic  orientation  20 
times  as  strong.  Thus,  the  Earth  orients 
the  cell  along  a  north-south  axis  as  the 
organism  swims. 

Although  a  shovelful  of  mud  can  yield 
thousands  of  kinds  of  magnetobacteria, 
it  took  15  years  for  microbiologists  to 
grow  one  of  these  microbes  in  the  lab, 
says  Bazylinski,  a  microbiologist.  Most 
bacteria  either  thrive  in  air  or  require 
an  absence  of  oxygen.  But  most  mag¬ 
netic  types  are  more  finicky;  Too  much 
or  too  little  oxygen  can  kill  them.  They 
won’t  grow  in  a  petri  dish  in  air. 

Thus,  in  nature,  most  of  these  fussy 
bacteria  thrive  where  the  water  forms 
stable  layers  and  where  each  layer  con¬ 
tains  a  certain  oxygen  content.  In  fact, 
they  may  use  magnetism  to  help  them 
find  the  perfect  layer.  As  the  microbes 
propel  themselves  along  with  their 
whip-like  flagella.  Earth’s  magnetic  field 
turns  them  toward  the  poles.  Southern- 
hemisphere  bacteria  head  south;  their 
northern  counterparts  head  north.  The 
closer  they  are  to  the  poles,  the  more 
steeply  Earth’s  magnetic  field  orients 


them  downward  as  well  as  poleward, 
Bazylinski  explains.  That  downward  tilt 
pulls  them  away  from  oxygen-rich 
surface  water,  Bazylinski  and  others 
suspect  that  when  the  bacteria  sense 
favorable  oxygen  levels,  they  stop 
swimming. 

Any  bacterium  with  a  genetic  muta¬ 
tion  that  causes  it  to  head  the  wrong 
way  -  such  as  south  when  it  lives  north 
of  the  equator  -  winds  up  in  a  hostile 


environment  and  dies.  Experiments  in 
which  researchers  placed  bacteria  in 
containers  where  the  magnetic  field  was 
artificially  reversed  seem  to  bear  out 
this  idea.  Within  six  weeks,  the  descen¬ 
dants  switch  the  direction  in  which  they 
swim,  says  Bazylinski.  Thus,  naturd 
selection  seems  to  segregate  north- 
seekers  in  one  hemisphere  and  south- 
seekers  in  the  other. 

But  orientation  may  be  a  side  benefit 
of  particle  formation,  Bazylinski  sug¬ 
gests.  He  believes  some  bacteria  may 
oxidize  the  iron  to  get  energy.  In  addi¬ 
tion,  iron  sulfide  particles  may  be  im¬ 
portant  in  the  cycling  of  sulfur  through 
the  environment,  he  says. 

Growing  these  bacteria  in  the  lab  has 
proved  quite  a  challenge.  To  create  the 
right  environment,  Bazylinski  puts  hy¬ 
drogen  sulfide  in  the  bottom  of  a  test 
tube,  then  seals  it  and  lets  the  sulfide 
gas  and  the  air  spread  out.  Inside,  an 
oxygen-sensitive  strip  turns  pink,  let¬ 
ting  him  know  the  location  of  the  air-gas 
boundary.  That’s  where  he  starts  his 
colony  of  magnetotactic  bacteria.  “I’ve 
got  six  strains  now,”  he  says. 

Most  of  the  interest  in  these  microbes 
stems  from  a  fundamental  amazement 
that  such  simple  organisms  can  accom¬ 
plish  something  as  complex  as  magnetic 
orientation.  So  even  though  some  scien¬ 
tists  envision  creating  microbial  facto¬ 
ries  to  produce  biomaterials,  neither 
Frankel  nor  Bazylinski  thinks  bacte- 
rially  grown  magnetic  particles  will 
ever  coat  cassette  or  computer  tapes. 
“You’ve  got  to  grow  hundreds  of  gallons 
of  cells  to  make  a  little  magnetite,” 
Bazylinski  says.  “It’s  not  worth  it.” 

—  £.  Pennisi 
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relative  of  the  octopus,  keeps  its  highly 
curved  shell  paper-thin  and  builds  in 
chambers  filled  with  air  to  make  its  body 
buoyant.  This  shell  holds  up  even  at 
depths  of  1,800  feet,  where  pressures 
reach  55  atmospheres. 

Such  different  properties  may  arise 
from  the  way  the  organisms  lay  their 
bricks.  Like  many  other  biological  sys¬ 
tems,  abalone  nacre  exists  in  a  hierarchi¬ 
cal  arrangement,  Sarikaya  and  several 
colleagues  reported  at  last  December’s 
meeting  of  the  Materials  Research  Soci¬ 
ety,  held  in  Boston.  The  Seattle  team 
determined  this  after  looking  at  the  ori¬ 
entation  and  makeup  of  each  aragonite 
crystal  —  a  5-micron-wide  hexagonal 
brick  —  with  respect  to  its  vertical  and 
horizontal  neighbors.  They  saw  that  the 
crystals  are  imperfect.  Each  brick  con¬ 
tains  “twinning”  defects  that  divide  the 
crystal  into  four  to  six  wedges,  and  each 
wedge  is  the  mirror  image  of  the  one  next 
to  it.  The  researchers  find  that  twinning 
also  exists  on  smaller  and  larger  scales. 
Within  each  brick’s  wedges,  1-  to 
4-nanometer-wide  regions  twin  with 
their  neighbors;  twinning  also  occurs 
between  bricks. 

“For  the  first  time,  we  find  a  hierarchi¬ 
cal  structure  for  hard  tissue  in  a  biolog¬ 
ical  material,”  Sarikaya  told  Science 
News.  The  twins  are  alt  touching  each 
other,  with  no  space  in  between.  This 
hierarchy  may  confer  abalone’s  tough¬ 
ness  and  strength.  Sarikaya  also  thinks 
that  similar  defects  somehow  allow  the 
nautilus  to  shape  its  developing  shell  and 
to  make  the  highly  curved  chambers 
without  sacrificing  strength. 


Now  that  they  know 

what  the  abalone 
shell  looks  like 
on  a  microscopic 
scale,  Sarikaya 

_  and  his  c  o- 

workers  want  to  learn  how  the  organism 
creates  this  hierarchy.  Other  researchers 
are  investigating  how  other  organisms 
build  their  bones,  shells  and  teeth.  “The 
key  is  that  it’s  matrix-regulated,”  says 
Fink.  “The  matrix  constrains  the  crystal 
in  certain  regions.” 

Proteins  and  carbohydrate-like  mole¬ 
cules  make  up  the  organic  mortar.  These 
may  set  themselves  up  in  an  orderly 
formation  such  that  one  protein  provides 
a  flat  surface.  Chemical  side  groups  stick 
out  of  the  protein  and  cause  dissolved 
molecules  to  precipitate  and  start  form¬ 
ing  a  crystal.  In  teeth  and  mother-of- 
pearl,  the  matrix  creates  large  bio¬ 
mineralization  compartments  where  long 
crystals  can  form.  But  in  bone,  the  com¬ 
partments  package  the  biomineral  in 


very  small,  discrete  crystals  that  wind  up 
confined  within  collagen  fibrils,  says 
Heuer. 

As  part  of  his  SO-yfear  quest  to  under¬ 
stand  biomineralization,  Northwestern's 
Veis  thinks  he  has  a  crystallization  pro¬ 
tein  in  hand  for  dentin,  which  makes  up 
the  inner  bulk  of  teeth.  The  protein  has 
phosphorus-containing  side  chains  that 
may  act  as  templates  for  crystal  forma¬ 
tion.  Different  organisms  seem  to  rely  on 
different  proteins.  The  protein  in  mol- 
lusks,  for  example,  may  use  lots  of  amino 
acids  with  acidic  side  groups  as  tem¬ 
plates.  With  these  observations,  some 
scientists  have  begun  making  their  own 
template  proteins,  some  of  which  cause 
crystal  growth  that  resembles  biomineral 
crystallization,  Veis  notes. 

To  get  a  better  grip  on  this  process  in 
other  types  of  hard  materials,  Heuer, 
Arnold  1.  Caplan  of  Case  Western  Reserve 
and  Jose  L.  Arias  of  the  University  of 
Chile  in  Santiago  have  chronicled  the 
formation  of  chick  eggshells.  In  about  20 
hours,  the  cells  in  the  lining  of  a  hen’s 
reproductive  tract  incorporate  2  grams  of 
calcium  carbonate  into  the  rapidly  form¬ 
ing  shell.  The  process  begins  as  egg  white 
surrounds  the  yolk  and  then  is  cloaked  by 
two  fibrous  membranes.  The  outer  mem¬ 
brane  seems  critical  to  shell  formation. 

The  scientists  remove  this  outer  mem¬ 
brane,  which  contains  nodes  of  organic 
material  thought  to  be  the  starting  point 
for  crystallization.  Using  the  membrane 
as  an  organic  film,  they  then  examine 
details  of  mineralization. 

Calcium  carbonate  crystals  seem  to 
grow  up  and  out  in  all  directions  from  the 
nodes.  “When  we  grow  calcium  carbo¬ 
nate,  it  starts  around  the  knobs  but  not 
between  the  knobs,”  says  Fink,  who  is 
collaborating  with  the  Cleveland  group. 
As  the  crystals  grow,  organic  molecules 
continue  to  assemble  into  the  scaffolding 
that  guides  this  growth. 

In  some  experiments,  the  researchers 
added  extracts  from  the  organic  matrix  to 
the  membrane  preparation.  The  extract 
caused  finer  crystals  to  develop,  they 
reported  at  last  December’s  Materials 
Research  Society  meeting.  They  also 
think  that  at  least  one  type  of  fibrous 
molecule,  a  collagen,  may  function  by 
inhibiting  biomineralization  where  it  is 
not  wanted.  But  like  Sarikaya,  they  have 
yet  to  pin  down  the  proteins  that  initiate 
mineral  formation. 

Sarikaya  finds  that  by  working  back¬ 
ward,  he  can  deduce  the  probable  blue¬ 
print  for  the  organic  layer  by  the  shape 
and  structure  of  the  crystals.  On  the  basis 
of  work  done  in  part  by  Stephen  Weiner  at 
the  Weizmann  Institute  of  Science  in 
Rehovot,  Israel,  and  on  his  own  observa¬ 
tions  of  the  aragonite  microstructure,  he 
hypothesizes  that  one  type  of  protein, 
always  folded  the  same  way,  is  respon¬ 
sible  and  forms  an  orderly  array.  “They 
must  organize  In  a  pseudohexagonal 
fashion,”  he  predicts. 


Sarikaya  has  enlisted  biologists  to 
analyze  the  molecules,  particularly 
proteins,  present  in  this  mortar.  Once 
Clement  E.  Furlong,  a  geneticist  at  the 
University  of  Washington,  knows  which 
proteins  are  there,  he  can  make  anti¬ 
bodies  for  them.  By  labeling  the  anti¬ 
bodies,  each  of  which  attaches  to  a  spe¬ 
cific  protein,  Flirlong  can  then  determine 
which  proteins  wind  up  at  the  mineral- 
mortar  interface  and  start  the  mineraliza¬ 
tion.  Then  he  and  microbiologist  James  T. 
Staley  will  genetically  program  bacteria 


On  an  eggshell  membrane's  knobs  (a, 
lower  micrograph),  calcium  crystals  form 
(b).  Then  a  matrix  (c)  guides  the  building 
of  calcite  columns  (d,  top  micrograph). 


to  mass  produce  this  protein.  Once  pro¬ 
duced,  the  protein  should  provide  a  start¬ 
ing  point  for  synthetic  biomineralization, 
says  Sarikaya. 

This  biological  approach  represents 
the  cutting  edge  for  materials  scientists, 
who  hope  to  duplicate,  not  just  mimic, 
nature’s  artistry.  “We  want  to  use  biology 
directly  to  do  the  chemical  processing  for 
us,”  says  Paul  D.  Calvert,  a  materials 
scientist  at  the  University  of  Arizona  in 
Hicson.  Someday,  researchers  may  har¬ 
ness  biomineralization  to  make  entirely 
new  materials  with  electrical,  magnetic 
or  optical  properties  as  well  as  the  sea- 
shell’s  toughness,  adds  Veis. 

But  achieving  that  goal  is  decades 
away.  “People  do  not  know  where  to  start,” 
says  Sarikaya.  “You  need  [experts  in]  five 
or  six  different  disciplines  to  do  signifi¬ 
cant  research  in  this  area.” 

“That’s  hard  to  do,”  he  adds.  □ 
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Researchers  look  to  fruit  and  nuts  to  find 
inspiration  for  the  next  generation  of  materials 


MAJIYANN  KOOPMAN 

Horn  of  i^enty;  Biomimetics  lifts  ideas  from  potatoes,  webs,  mussels 


The  Stone  Age.  The  Bronze  Age.  The 
Iron  Age.  The. .  .Potato  Age?  OK,  so  it 
doesn’t  have  quite  the  ring  of  its  prede¬ 
cessors.  But  potatoes — not  to  mention  bee¬ 
tle  carapaces,  iridescent  blue  mussels,  aba- 
lone  shells,  apples  and  other  natural 
bounty — could  well  form  the  basis  of  the 
next  revolution  in  what  the  world  is  made 
of.  Having  taken  petroleum-based  plastics 
and  fabrics  just  about  as  far  as  they  can 
(and  maybe  farther  than  they  should,  as 
those  who  know  the  beauty  of  a  polyester 
suit  can  attest),  researchers  in  materials 
science  are  looking  to  nature  for  inspira¬ 
tion.  The  idea  is  not  to  fabricate  bulletproof 
vests,  tanks  and  jet  winp  out  of  lowly  tu¬ 
bers,  but  rather  to  study  natural  products 
for  clues  to  making  materials  stronger, 
more  durable,  more  flexible.  Their  rallying 
cry; "  Mussels  are  good  for  more  than  mari- 
nara  sauce,”  as  geneticist  Ina  Goldberg  of 
Allied-Signal  puts  it. 

She’s  not  taking  up  the  joys  of  sauce 
moutarde.  Goldberg  is  trying  to  replicate 
the  glue  that  allows  these  bivalves  to  stick 
to  rocks  in  even  the  roughest  seas.  Chem¬ 
ists  have  yet  to  synthesize  an  adhesive  that 
can  withstand  such  conditions,  but  a  glue 
that  works  in  water  would  do  wonders  for 
•pbuilding,  to  say  nothing  of  dentistry, 
-dst  week  Goldberg  was  in  Boston,  along 
with  3,800  other  material  boys  and  girls, 
for  the  annual  meeting  of  the  Materials 


Research  Society.  ’That  wasn’t  unusual — 
MRS  meets  in  Boston  every  year.  The  sur¬ 
prise  was  that  sprinkled  among  the  usual 
metallurgists,  ceramics  mavens  and  plas¬ 
tics  gurus  were  geneticists  and  zoologists. 
They  had  come  to  preach  the  wonders  of 
biomimetics,  the  science  of  mimicking  bio¬ 
logical  materials.  "Nature  comes  up  with 
solutions  that  are  very  novel  and  clever,” 
says  molecular  biologist  John  Cordingley 
of  the  University  ofWyonaing.  Its  successes 
have  survived  millions  of  years  of  natural 
selection.  Its  failures  are  extinct.  Says  ge¬ 
neticist  Steven  Case  of  the  University  of 
Mississippi,  "You  can  make  something 
from  scratch,  or  steal  something  that’s  al¬ 
ready  out  there.” 

EJven  wood,  edged  out  of  skis  and  kitchen 
counters,  may  be  poised  for  a  comeback. 
Zoologist  Julian  Vincent  of  Reading  Uni¬ 
versity  in  England  has  created  a  fiber- 
glass-resin  composite  inspired  by  wood.  It’s 
lightweight  but  tough  enough  to  absorb 
high-energy  impacts  from  things  like 
speeding  bullets.  Vincent  thinks  it  would 
make  a  dandy  material  for  bulletproof 
vests,  now  made  from  Kevlar.  (Kevlar  is 
derived  from  nylon,  which  comes  from  oU 
or  coal.)  Unlike  Kevlar,  this  George’s  Wood 
can  stop  a  bullet  without  bruising  the  body. 
Vincent  is  also  studying  the  morphology  of 
potatoes.  He  thinks  that  may  serve  as  a 
model  for  a  new  kind  of  "hydraulic  actua¬ 


tor,”  a  machine  that  uses  fluid  pressure  to 
produce  movement  without  friction-prone 
and  easily  snapped  pistons.  — 

Ever  tried  to  shoot  an  abalone?  Its  shell  is 
mostly  chalk — calcium  carbonate — which, 
as  every  school  janitor  knows,  is  not  exactly 
shatterproof.  Tlie  abalone  shell’s  strength 
comes  from  the  way  the  calcium  is  ar¬ 
ranged.  Crystals  of  chalk  are  held  together 
with  a  sticky  polymer  that  acts  as  glue.  This 
brick-and-mortar  arrangement  is  stronger 
and  more  resistant  to  fractures  than  solid 
chalk.  Researchers  at  the  University  of 
Washington  have  imitated  this  design, 
with  polypropylene  for  the  glue,  to  produce 
an  armor  for  tanks  that  resists  impacts 
better  than  anything  today.  The  army  is 
testing  it. 

Silk  alchemy;  The  rag  trade  long  ago  rec¬ 
ognized  the  profits  to  be  made  from  imitat¬ 
ing  silk,  and  now  materials  scientists  have 
caught  on.  Silk  still  inside  a  spider  dis¬ 
solves  in  water— not  a  very  useful  property 
if  the  spider  wants  to  catch  flies  on  a  rainy 
day.  But  spinning  the  silk  into  a  web  some¬ 
how  makes  it  resist  rain  and  snow  like  the 
I  toughest  twine.  Christopher  Viney  a  nd  col- 
I  leagues  at  the  University  of  Washington 
j  hope  to  perform  the  same  sort  of  alchemy, 
i  The  idea  is  to  figure  out  how  to  make  a 
fabric  as  strong  and  stiff  as  silk  using  sim¬ 
ple  water  as  the  solvent  (most  fancy  materi¬ 
als,  like  Kevlar,  require  a  solution  of  red- 
hot  sulfuric  acid).  Viney  thinks  this  sort  of 
silk-inspired  synthetic  could  be  useful  as 
cables  for  suspension  bridges  or  for  protec¬ 
tive  clothing.  — 

Other  researchers  have  found  inspira¬ 
tion  for  ultrastrong  aircraft  composites  in 
the  crisscrossing  fibers  of  the  common  bess 
beetle’s  outer  skeleton,  and  for  the  skin  of 
tomorrow’s  aerospace  plane  (two  hours 
fi^m  New  York  to  Tokyo)  in  the  light  but 
strong  covering  of  the  homed  beetle.  At 
Reading,  Vincent  has  been  shattering  wal¬ 
nuts — not  for  snacks  but  to  understand 
what  makes  their  shells  so  strong.  Con¬ 
trary  to  man’s  tendency  to  try  to  increase 
the  strength  of  an  object  by  adding  more 
material,  nature  designs  for  strength  by 
crafting  a  more  complicated  structure. 

Don’t  expect  nature  to  take  out  any  pat¬ 
ents  just  yet,  though.  "There’s  a  long  lag 
between  taking  some  building  block  na¬ 
ture  has  perfected  and  using  it  in  a  differ¬ 
ent  way  to  make  something  new,”  says 
Case.  And  some  scientists,  led  by  MRS 
president  Rustum  Roy  of  Pennsylvania 
State  University,  have  blasted  what  they 
see  as  the  exaggerated  claims  of  biomime¬ 
tics:  Roy  says  natural  materials  take  so 
long  to  S5mthe8ize  that  an}rthing  modeled 
on  them  just  won’t  be  practical  on  an  in¬ 
dustrial  scale.  Still,  nature  at  least  has 
what  other  inventors  don’t;  a  multi¬ 
million-year  winning  track  record. 

Sharon  Begley  with 
Carolyn  Friday  in Botton 
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ature’s  materials 

Unlocking  the  secrets  to  Charlotte’s  web 


Ever  since  the  first  human  cast  an 
envious  eye  at  a  bird’s  ability  to  fly, 
people  have  looked  to  the  natural  world 
for  ideas  to  imitate  and  shape  to  their 
own  needs. 

Today,  armed  with  powerful  com¬ 
puters,  imaging  devices  and  other 
advanced  technologies,  engineers  and 
scientists  from  many  disciplines  have 
begun  to  take  the  closest  look  ever  at 
how  and  why  nature  does  what  it 
does — at  all  levels,  from  individual 
molecules  and  cells  to  entire  organisms. 

That  look  will  result  in  a  revolution. 
Just  as  biotechnology  is  changing  the 
way  we  fight  disease  and  advance  our 
health,  another  “bio”  discipline — called 
biomimetics  — will  change  the  materi¬ 
als  we  use  to  work  and  live. 

“We  are  on  the  brink  of  a  materials 
revolution  that  will  be  on  a  par  with  the 
Iron  Age  and  the  Industrial  Revolu¬ 
tion,”  says  Material  Science  and  Engi¬ 
neering  Professor  Mehtriet  Sarikaya  at 
the  University  of  Washington  (UW). 

Biomimetics  draws  on  some  of  the 
most  powerful  source  material  imagin¬ 
able:  hundreds  of  millions  of  years  of 
evolution  in  which  nature,  slowly, 
painstakingly,  has  perfected  or  discard¬ 
ed  creature  after  creature,  adjusting  and 
refining  all  life. 

Even  at  its  infancy,  the  field’s  possi¬ 
bilities  are  stunning: 

•ships,  aircraft,  cars,  clothes,  buildings 
and  yes,  even  picture  windows  made 
from  materials  that  heal  themselves  when 
dented,  hit,  punctured  or  smashed; 

•long  bridges  spanning  waterways, 
suspended  from  glistening,  lightweight 
cables  no  thicker  than  a  garden  hose  yet 
possessing  previously  unknown 
strength,  toughness  and  durability; 

•thin,  gel-like  coatings  that  come  in 
a  tube  and  can  be  applied  to  human 
skin,  giving  police  officers  and  fire¬ 
lighters  instant  protection  from  bullets 
and  flames; 

•ecologically  ideal  building  con- 
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struction  materials  that  can  be  instantly 
manufactured  at  room  temperature  from 
virtually  whatever  happens  to  be  pre¬ 
sent  in  sufficient  quantities — be  it  dirt, 
pine  needles  or  chalk; 

•and  whole,  comple.x  chemical  “fac¬ 
tories”  capable  of  rendering  even  the 
most  toxic  organic  compounds  harm¬ 
less — located  within  the  confines  of  a 
single  organic  cell. 

How  necessary  is  this  revolution? 
Materials  scientists  say  the  world  has 
taken  petroleum-based  plastics  and  fab¬ 
rics  about  as  far  as  possible. 

“Basically,  we’re  stuck,"’ says 
Sarikaya,  a  pioneer  in  biomimetics. 
“The  world  needs  lighter  planes,  lighter 
cars,  lighter  engines  that  can  operafe'at 
much  higher  temperatures,  and  a  host 
of  other  new  materials.  But  today, 
we’re  still  working  with  the  ceramic 
materials  we’ve  had  for  the  past  25  to 
30  years,  for  example,  and  metals  that 
have  been  around  for  100  years.” 

UW  Bioengineering  Professor 
I  Christopher  Viney  half-jokingly  puts  it 
like  this;  “"^he  challenge  is  to  make 
things  that  are  stiff  and  tough  and  have 
the  right  color  and  the  right  fatigue 
propertiesiThat  don’t  cost  anything, 
won’t  hurt  the  environment  and  can  be 
made  out  of  beach  sand.” 

jViney  weaves  his  biomimetics 
research  into  lectures  for  incoming 
engineering  students.  First,  he  shows  a 
slide  of  a  helicopter  made  from  Lego 
bricks.  Next,  he  flashes  up  a  slide  of  a 
tractor  and  crane,  also  built  from  Lego 
bricks.  “I  tell  the  students,  ‘Same  Lego 
kit,  exactly  the  same  pieces.  Different 
tpys  built  from  it.’  And  then  1  go  on  to 
explain  that  what  nature  offers’ Us  is  a 
sef  of  building  blocks:  20  amidO  acids. 
4nd  from  these,  ail  the  proteins  in  the 
world — the  millions  of  different  types 
of  proteins  necessary  to  sustain  OVery 
form  of  life  on  earth— are  manufac¬ 
tured.  But  there  are  only  20  typbs  of 
blocks  in  the  starter  kit.  just  20.” 

Viney  and  Sariklya  are  among 
approximately  500  biomimeticians  in 
the  United  States.  The  goal,  the  two 
agree,  is  not  only  to  understand  nature’s 


way  of  doing  things,  but  to  do  nature 
one  better — and  perhaps  faster.  “The 
traditionalists  say,  ‘Iffnature  makes  it, 
what’s  new?’  ”  says  Yiney.  “That’s 
why  I  am  very  careful  to  say,  we  are 
selecting  what  we  learn  from  nature- 
pot  trying  to  copy  it  exactly,  because 
there  would  be  no  point  in  that.” 

Currently,  Yiney’s  main  research 
interest  is  liquid  crystals — substances 
suspended  in  a  state  somewhere 
between  a  solid  crystal  and  a  liquid. 
Millions  of  us  wear  artificial  liquid 
crystals  on  our  wrists:  they  make  up  the 
display  screen  for  digital  watches. 

While  liquid  crystals  may  be  com¬ 
monplace  in  a  watch,  Y.iney  and  his 
colleagues  surprised  ftie  scientific 
world  when  they  wrote  that  silk  secret¬ 
ed  by  silkworms  and  spiders  owes  its 
exceptional  strength  to  temporarily 
becoming  a  liquid  crystal.  The  team 
found  that  as  the  golden  orb  weaver  spi¬ 
der  secretes  its  webbing,  molecules  in 
the  droplets  align  themselves  in  rod-like 
structures — passing  through  an  interim 
phase  in  which  they  take  on  a  semi- 
ordered  structure.  The  result  is  a  materi¬ 
al  that,  when  solidified,  can  support  far 
more  weight  for  its  size  than  steel. 

By  understanding  how  spider  silk 
works,  Yiney  believes  we  may  some¬ 
day  use  this  information  to  improve 
bulletproof  vests  and  build  stronger  sus¬ 
pension  bridges,  for  instance. 

Yiney  and  others  involved  in  bio¬ 
mimetics  often  speak  of  “l^prarchical 
microstructures.”  The  same  components 
can  be  reassembled  again  and  again  in 
things  that  may  be  very  different  from 
one  another. 

How  different?  As  unlike,  say,  as 
multi-legged  spiders  and  slimy  slugs. 
Earlier  this  year,  Yiney,  Bioengineering 
and  Biostructure  Professor  Pedro  Ver- 
dugo  and  UW  graduate  student  Anne 
Huber  became  the  first  to  report  that 
there’s  much  more  to  the  mucus  high¬ 
way  secreted  by  common  banana  slugs 
than  previously  thought 

Though  mucus  research  lacks  mass 
appeal,  it  can  shed  light  on  a  host  of 
human  health  problems,  induding  cystic 
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fibrosis  and  other  abnomiaUties 
in  the  reproductive  and  digestive 
tracts.  To  Viney  and  Verdugo, 
mucus  is  one  of  nature’s  most 
remarkable  substances.  Slugs 
use  it  not  only  for  uansportation, 
but  also  for  protection — 
enabling  them,  for  instance,  to 
creep  hannlessly  along  the  edge 
of  a  razor  blade. 

Verdugo,  who  has  studied 
mucus  in  a  variety  of  species 
for  nearly  two  decades,  and 
other  researchers  had  thought 
that  the  microstructure  of 
mucus  was  much  like  a  ran¬ 
domly  tangled  web  of  spaghet¬ 
ti — its  consistency  dependent 
on  the  extent  of  tangling  (the 
more  tangled,  the  thicker). 
However,  once  released  from 
the  small  granules  in  which  it  is 
stored  inside  the  cell,  slug 
mucus  can  swell  up  to  50  times  its  ini¬ 
tial  volume — so  fast  that  researchers 
use  the  term  “explosive.”  In  fact, 
mucus  granules  can  expand  from  10  to 
500  microns  in  15  to  20  milliseconds. 
And  this  had  researchers  stumped: 
How  can  something  expand  so  fast,  so 
efficiently,  if  it  is  as  disorganized  as  a 
bowl  of  tangled  spaghetti? 

Now,  much  more  is  known,  thanks 
to  Viney  and  colleagues.  Earlier  this 
year,  they  showed  that  slug  mucus  is 
highly  organized,  not  random.  They 
found  that  before  secretion,  mucus 
molecules  are  stored  in  tightly  packed, 
accordion-like  bunches  like  jack-in-the- 
boxes.  When  secreted,  the  molecules — 
polymers  with  all  the  characteristics  of 
liquid  crystals — absorb  water,  expand¬ 
ing  at  high  rates  without  involving  high 
amounts  of  energy. 

The  tremendous  range  of  expansion 
and  condensation  is  what  makes  mucus 
one  of  nature’s  “very  best  inventions,” 
says  Verdugo.  Understanding  the  struc¬ 
ture  is  the  key  to  the  design  of  new  and 
highly  efficient  polymer  gels.  “Now  we 
have  a  gateway  to  understanding  how 
to  develop  new  technology.  We  have 
the  blueprints  nature  used,  and  we  can 
re-engineer  them  in  our  own  land.” 

While  much  research  remains,  Ver¬ 
dugo,  Viney  and  others  foresee  many 
potential  inventions  coming  from  bio- 
mimetic  materials  based  on  mucus.  For 
example,  they  might  foster  new  drug 
delivery  systems  for  cancer  patients, 
pollutant  traps  in  sewage  treatment 
plants,  and  water-based  lubricants.  And 
if  mucus  makes  such  an  ideal  highway 
for  slugs,  light  rail  might  someday  be 


replaced  by  slime  rail. 

Another  gastropod,  the  red  abalone, 
absorbs  much  of  Sarikaya’s  interest. 
Over  the  course  of  its  life,  this  sea¬ 
dwelling  creature  produces  an  impact- 
resistant  shell  so  hard  it  can  be  run  over 
by  a  truck  without  breaking.  But  if  the 
shell  does  get  damaged  in  the  natural 
world,  it  heals  itself— and  later,  when 
its  occupant  dies,  the  shell  readily 
biodegrades.  Finally,  the  abalone  and 
similar  organisms  manufacture  their 
shells  at  sea-water  temperature  using  a 
readily  available  ingredient:  calcium 
carbonate,  a.k.a.  chalk. 

Broken  down  into  components, 
abalone  shells  are  relatively  simple, 
explains tSarikaya,  much  like  a  single 
Lego  brick.  When  assembled,  however, 
the  components — ranging  in  size  from 
molecules  to  millimeters — function 
together  to  provide  a  material  well  worth 
mimicking:  one  that  incorporates  superb 
properties  of  toughness  and  strength. 

Using  powerful  electron  micro¬ 
scopes,  Sarikaya  found  beneath  the 
shell’s  outer  portion  a  section  consisting 
of  extremely  thin  layers  of  laminate.  It’s 
here  that  nature’s  masons  are  at  work, 
as  flat  bricks  of  calcium  carbonate  are 
set  off  from  one  another  in  typical 
brick-wall  fashion.  The  “mortar”  hold¬ 
ing  them  together  consists  of  small 
amounts  of  organic  matter,  mostly  pro¬ 
teins  and  sugars. 

^arikaya  and  colleagues  tested  the 
abalone’s  composite  material  and  found 
that  it  has  greater  toughness  and  strength 
than  conventional  ceramics  alone  owing 
to  its  brick  architecture  and  the  organic 
mortar.  The  next  step  is  to  unlock  how 


the  mollusk  produces  the  pro¬ 
teins  and  sugar  molecules  that 
make  up  the  mortar.  Then  they 
must  discover  how  this  material 
finds  its  way  through  the  watery 
environment  within  the  shell  to 
the  correct  layer- —  and,  once 
there,  assembles  itself  exactly 
where  it  is  needed. 

To  help  break  the  secrets, 
Ilhan  Aksay,  at  Princeton,  and 
iSarikaya  enlisted  the  help  of 
genetic  engineers.  The  team 
hopes  to  invent  genetically 
engineered  organic  “templates.” 
With  these  plans, tSarikaya 
thinks  he  can  grow  technologi¬ 
cal  materials  the  same  way  as 
an  abalone  produces  its  shell. 

There  even  is  the  possibility 
of  duplicating,  perhaps  using  dif¬ 
ferent  materials,  the  abalone 
shell’s  ability  to  self-heal.  Does 
this  mean  it  could  never  be  destroyed? 
iNot  to  worry,  says  Sarikaya;  science 
rdso  will  come  up  with  a  way  to  switch 
.  this  capability  on  and  off. 

This  concept  and  other  as-yet-unan- 
swered  questions  about  biomimetics 
lead  even  its  chief  proponents  to  cau¬ 
tion  that  the  future  is  not  now.  But  it  is 
coming,  and  at  a  far  faster  speed  than  it 
took  technology  to  travel  from  Kitty 
Hawk  to  Cape  Canaveral. 

Ah,  but  if  we  are  going  to  take 
things  from  nature,  how  can  we  be  sure 
nature  is  right?  “You  can’t  be,” 
answers  sViney.  “Nature  has  some 
ideas.  That  is,  nature  has  optimized 
everything  very  nicely  for  what  nature 
has  to  do.  But  this  iM:t  always  ‘right’ 
for  biomimicking.’’ 

Feathers  not  only  help  birds  fly, 
Viney  wrote  a  year  ago,  they  also  pro¬ 
vide  protection  from  bumps  and  bruises. 

“Clj^ly  there  is  a  us^^^ 
here.  6ut  the  maten^s  engineer  yfho 
hurries  to  cover  his  automobile  with 
feathers  might  be  better  off  wearing 
them  himself.”  ^  "  ^ 
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Tessuti  in  seta  di  ragno  sintetica, 
guanti  di  scarafaggio,  aerei  in 
similcomo  di  rinoceronte:  cosi  gli 
scienziati  cercano  di  copiare  la  natura. 


Apparentemente  non  cb  molto 
in  comune  Ifa  I'aereo  invisibile 
usato  dall'aviazione  americana 
conlro  Saddam  Hussein  e  un  rinoce¬ 
ronte  africano.  Ma  k  una  falsa  im- 
pressione.  C'e  una  parte  del  rinoce¬ 
ronte  che  di  analogic  con  I’aereo  invi¬ 
sibile  ne  ha  tantissime:  il  corno.  O 
meglio,  la  sua  strultura.  Come  hanno 
recentemenle  scoperlo  i  ricercalori 
che  si  occupano  di  creare  nuovi  ma- 
teriali,  le  ali  dell’aereo  invisibile  han¬ 
no  una  strutlura 
quasi  identica  sia 
nell'aspetto  che  per 
caralterisliche  a 
quella  del  tessuto  os- 
seo  di  cui  e  fatlo  il 
corno  dei  rinoceron- 
ti.  Con  una  sola  dif- 
ferenza;  che  i  corni 
del  rinoceronte  sono 
in  grado  di  autoripa- 
rarsi  in  caso  di  rottu- 
ra,  evento  abbastan- 
za  frcquente  tra  que- 
sti  grandi  animali, 
che  lo  usano  spesso 
per  duellare  tra  loro. 

Mentre  se  si  rompo- 
no  le  ali  I'aereo  invi¬ 
sibile  cade.  In  futu- 
ro,  tuttavia,  gli  scien¬ 
ziati  sperano  di  riu- 
scire  a  strappare  il 
segreto  dei  corni  au- 
toriparanti  alia  natu¬ 
ra.  E  di  costruire  co- 
si  anche  automobili, 
aerei  e  treni  in  grado 
di  aggiustarsi  da  soli. 

Come  testimonia 
I’autorevole  settima- 


nale  statunitense  Time, 
non  h  questo  il  solo  «brevetto»  che  la 
scienza  cerca  di  rubare  al  create.  Gli 
scienziati  di  una  particolare  branca 
della  biochimica,  ribattezzata  «bio- 
mimica®  proprio  perch6  il  suo  scopo 
copiare  la  natura,  stanno  anche  cer- 
cando  di  scoprire  come  fanno  a  esse- 
re  cosl  laglienti  i  denti  dei  topi,  cosl 
elastiche  le  ragnatele,  cosl  appiccico- 
se  le  secrezioni  delle  cozze  e  cosl  du¬ 
ra  la  corazza  di  alcuni  insetti.  Obiet- 
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tivo:  aprire  la  strada  a  una  serie  di 
nuovi  materiali  non  piit  basati,  come 
il  nylon  e  la  plastica,  sul  petrolic,  ma 
sulle  proteine  prodotte  dagli  organi¬ 
sm!  viventi. 

Raffinata  da  pib  di  4  miliardi  di 
anni  di  evoluzione,  la  chimica  delle 

_  proteine  pub  in  effet- 

ti  insegnarci  molte 
cose.  Per  produrre 
per  esempio  un  tes¬ 
suto  come  il  kevlar, 
oggi  I'uomo  ha  biso- 
gno  di  grandi  vasche 
di  acido  solforico 
concentrato  e  mante- 
nuto  ad  alta  pressio- 
ne.  I  ragni  della  spe¬ 
cie  Nephila  clavipes, 
studiati  dal  biologo 
americano  Randy 
Lewis  dell'universita 
del  Wyoming,  sono 
capaci  di  produrre 
nella  loro  pancia  una 
seta  che  non  ha  nien- 
te  da  invidiare  al  kev¬ 
lar  usando  I’acqua 
come  solvente  e  tra- 
sformando,  non  si  sa 
bene  come,  proteine 
solubili  in  fibre  inso- 
lubili.  Lewis,  che  al- 
leva  decine  di  questi 
grossi  ragni rosso- 
dorati  ed  estrae  da 
ciascuno  di  loro,  con 
una  speciale  macchi- 
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clicnli  in  se  non  sono 
nienlc  cli  che»  coin- 
mcnta  lllia_rL.Akaa^. 
della  Princeton  Uni- 
vep.sjty.  «n'ta  la  con- 
^liglia  e  pin  dura 
dclle  piii  avan/ale 
supcrccramichc  co- 
struile  dairuomo*. 
Aksay  e  i  siioi  assi- 
stcnti  slanno  pen- 
sando  di  copiare  la 
slriitlura  dclle  orec- 
chie  di  mare  utiliz- 
zando  al  posto  del 
carbonato  di  calcio 
material  i  come  I'ossi- 
do  di  alluminio  e  il 
carburo  di  silicio  cbe 
sono  mollo  resislenli 
al  calore  ma  lendono 
a  rompersi  facilmen- 
le.  Sperando  che  i 
nuovi  materiali  ac- 
coppino  la  resislenza 
al  calore  alia  diirezza 
delle  orecchie  di  ma- 


venti  organici.  Guanli  fatti  con  resili- 
na  sarebbero  insomnia  I’ideale  per 
soldati  che  lavorano  nei  depositi  di 
carbui'ante  o  per  addctti  ai  distribulo- 
ri  di  benzina. 

Paul  Calvert,  infine,  un  ricercalore 
dell’iiniversit^  dell’Arizona,  h  alle  pre- 
se  con  i  denli  del  topi.  Il  suo  proble- 
ma  k  quello  di  irovare  qualcosa  per 
climinare  ii'tallone  d’Achille  della  ce- 
ramica:  la  fragililA  agli  urti.  E  per  far- 
lo  Calvert  pensa  adesso  di  riproduire, 
usando  ossido  di  titanip,  la  struttura 
di  una  ceramica  naturale  resistentis- 
sima:  come  h  appunto  quella  dei  denti 
di  topo. 


Coffure  celiulari 

In  genere  gli  scienziati  tendono  a 
studiare  la  struttura  dei  rnateriali 
naturali  per  poterla  poi  riprodur- 


na,  fino  a  320  metri  al  giorno  di  seta 
per  ragnatele,  e  convinto  che  un  tes- 
suto  fatto  con  seta  di  ragno  sarebbe 
piCt  forte  dell'acciaio.  piO  elastico  del 
nylon  e  piu  resistente  del  keylar.  Se  si 
riuscisse  a  riprodurlo  sinteticamente, 
un  simile  tessuto  potrebbe  ser\'ire  per 
esempio  per  fabbricare  giub- 
bolti  antiproiettile  mollo  piCi 
sicuri  di  quelli  attualmente 
usati,  paracadute  e  perfino 
cavi  per  ponli  sospcsi.  Men- 
tre  con  la  seta  nella  fase  an- 
cora  liqiiida,  come  e  nella 
pancia  del  ragno,  si  potrebbe 
fare,  secondo  Christopher 
Viney,  un  ricercalore 
deli’univcrsila  di  Washing¬ 
ton,  qualcosa  di  mollo  simile 
ai  cristalli  liquid!  degli  scher- 
mi  digitali. 

Un  altro  segreto  della  na- 
lura  che  ha  attirato  1  atlen- 
zione  degli  scienziati  e  la  du- 
rissima  madreperla  di  alcune 
conchiglie,  le  aliotide,  piu 
note  come  orecchie  di  mare. 

Vista  al  microscopio  la  ma¬ 
dreperla  delle  orecchie  di . 
mare  rivela  una  struttura  si¬ 
mile  a  quella  di  alcune  pareli 
rocciose  slratificate.  Gli 
strati  di  madreperla  sono 
pero  fatti  di  carbonato  di  cal¬ 
cio  estrallo  dall’acqua  di  ma¬ 
re,  mentre  il  collanle  Ira  i  va- 
ri  strati  h  una  miscela  di  pro- 
leine  e  zuccheri.  «Gli  ingre- 


re. 

Nei  laboratori  mi- 
litari  americani  di 
Natick,  nei  Massa¬ 
chusetts,  si  sta  studiando  anche  una 
proteina  estralta  dalla  corazza  degli 
scarafaggi.  Secondo  David  Kaplan,  un 
riccrcatore  del  centro,  questa  piolei- 
na,  chiamata  resilina,  ha  la  propriety, 
a  differenza  di  allre  gomme  artificia- 
li,  di  non  gonfiarsi  a  contatto  con  sol- 
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■  natural!  per  poterla  poi  riprodur- 
re  sinteticamente.  Utilizzare  diretta- 
mente  quest!  materiali  pone  infaUj 
non  pochi  problem!.  Allevare  milioni 
di  rinoceronti  t  un  obietlivo  poco 
proponibile  visto  che  sembra  difficile 
tenerne  in  vita  anche  solo  poche  cen- 
tinaia  in  Africa.  Mentre  per  fare  an¬ 
che  una  sola  cravatla  in  seta  di  ragno 
naturale  ci  vorrebbero  almeno  500 
ragni.  «E  probabilmente  molti  sareb¬ 
bero  troppo  schizzinosi  per  indossar- 
!a»  scherza  John  Fosline,  uno  zoolo¬ 
go  dell’universitA  della  British  Co¬ 
lumbia.  Senza  contare  che  c’^  una 
propriety  della  seta  di  ragno  che  la 
renderebbe  poco  adalla  per  fame 
cravatte:  tende  a  reslringersi  fino  al 
50  per  cento  in  am¬ 
bient!  molto  umidi. 

Un  esempio  di  co¬ 
me  in  futuro  I’uomo 
polri  copiare  la  na- 
lura  per  fare  nuovi 
materiali  b  una  so- 
stanza  breveltala  e 
fabbricala  da  una 
piccola  azienda  di 
San  Diego,  in  Ca¬ 
lifornia:  la  Protein 
Polymer  Technolo¬ 
gies.  Il  prodotto 
messo  a  punlo  dalla  society  califor- 
niana  b  un  ibrido,  composto  di  una 
proteina  estralta  dal  baco  da  seta  e 
da  fibronectina,  una  proteina  presen¬ 
te  nei  sangue  che  favorisce  I’adesivita 
delle  cellule.  Slesa  su  un  foglio  di 
plastica  la  nuova  soslanza  permette 
di  creare  un  ambiente  ideale  per  cul¬ 
ture  di  cellule  in  laboralorio. 

L’ibrido  della  Protein  Polymer  Te¬ 
chnologies  b  il  solo  prodotto  della  ] 
biomimica  giJi  arrivato  sul  rnercalo. 
Fino  a  oggi  la  tecnologia  ha  aiutato  la 
biologia  molto  piu  di  quanto  la  bio¬ 
mimica  abbia  dato  una  mano  ai  lec- 
nologi.  Ma,  sostengono  gli  esperli,  le 
cose  slanno  per  cambiare.  • 
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ature’s  materials 

Unlocking  the  secrets  to  Charlotte’s  web 


Ever  since  the  first  human  cast  an 
envious  eye  at  a  bird’s  ability  to  fly, 
people  have  looked  to  the  natural  world 
for  ideas  to  imitate  and  shape  to  their 
own  needs. 

Today,  armed  with  powerful  com¬ 
puters,  imaging  devices  and  other 
advanced  technologies,  engineers  and 
scientists  from  many  disciplines  have 
begun  to  take  the  closest  look  ever  at 
how  and  why  nature  does  what  it 
does^ — at  all  levels,  from  individual 
molecules  and  cells  to  entire  organisms. 

That  look  will  result  in  a  revolution. 
Just  as  biotechnology  is  changing  the 
way  we  fight  disease  and  advance  our 
health,  another  “bio”  discipline — called 
biomimetics  — will  change  the  materi¬ 
als  we  use  to  work  and  live. 

“We  are  on  the  brink  of  a  materials 
revolution  that  will  be  on  a  par  with  the 
Iron  Age  and  the  Industrial  Revolu¬ 
tion,”  says  Material  Science  and  Engi¬ 
neering  Professor  Mehmet  Sarikaya  at 
the  University  of  Washington  (UW). 

Biomimetics  draws  on  some  of  the 
most  powerful  source  material  imagin¬ 
able:  hundreds  of  millions  of  years  of 
evolution  in  which  nature,  slowly, 
painstakingly,  has  perfected  or  discard¬ 
ed  creature  after  creature,  adjusting  and 
refining  all  life. 

Even  at  its  infancy,  the  field’s  possi¬ 
bilities  are  stunning: 

•ships,  aircraft,  cars,  clothes,  buildings 
and  yes,  even  picture  windows  made 
from  materials  that  heal  themselves  when 
dented,  hit,  punctured  or  smashed; 

•long  bridges  spanning  waterways, 
suspended  from  glistening,  lightweight 
cables  no  thicker  than  a  garden  hose  yet 
possessing  previously  unknown 
strength,  toughness  and  durability; 

•thin,  gel-like  coatings  that  come  in 
a  tube  and  can  be  applied  to  human 
skin,  giving  police  officers  and  fire¬ 
lighters  instant  protection  from  bullets 
and  flames; 

•ecologically  ideal  building  con- 
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struction  materials  that  can  be  instantly 
manufactured  at  room  temperature  from 
virtually  whatever  happens  to  be  pre¬ 
sent  in  sufficient  quantities — be  it  dirt, 
pine  needles  or  chalk; 

•and  whole,  complex  chemical  “fac¬ 
tories”  capable  of  rendering  even  the 
most  toxic  organic  compounds  harm¬ 
less — located  within  the  confines  of  a 
single  organic  cell. 

How  necessary  is  this  revolution? 
Materials  scientists  say  the  world  has 
taken  petroleum-based  plastics  and  fab¬ 
rics  about  as  far  as  possible. 

“Basically,  we’re  stuck,”  says 
Sarikaya,  a  pioneer  in  biomimetics. 
“The  world  needs  lighter  planes,  lighter 
cars,  lighter  engines  that  can  operate  at 
much  higher  temperatures,  and  a  host 
of  other  new  materials.  But  today, 
we’re  still  working  with  the  ceramic 
materials  we’ve  had  for  the  past  25  to 
30  years,  for  example,  and  metals  that 
have  been  around  for  100  years.” 

UW  Bioengineering  Professor 
Christopher  Viney  half-jokingly  puts  it 
like  this:  “The  challenge  is  to  make 
things  that  are  stiff  and  tough  and  have 
the  right  color  and  the  right  fatigue 
properties,  that  don’t  cost  anything, 
won’t  hurt  the  environment  and  can  be 
made  out  of  beach  sand.” 

Viney  weaves  his  biomimetics 
research  into  lectures  for  incoming 
engineering  students.  Fu^t,  he  shows  a 
slide  of  a  helicopter  made  from  Lego 
bricks.  Next,  he  flashes  up  a  slide  of  a 
tractor  and  crane,  also  built  from  Lego 
bricks.  “I  tell  the  students,  ‘Same  Lego 
kit,  exactly  the  same  pieces.  Different 
toys  built  from  it.’  And  then  I  go  on  to 
explain  that  what  nature  offers  us  is  a 
set  of  building  blocks:  20  amino  acids. 
And  from  these,  all  the  proteins  in  the 
world — the  millions  of  different  types 
of  proteins  necessary  to  sustain  every 
form  of  life  on  earth — are  manufac¬ 
tured.  But  there  are  only  20  types  of 
blocks  in  the  starter  kit.  Just  20.” 

Viney  and  Sarikaya  are  among 
approximately  500  biomimeticians  in 
the  United  States.  The  goal,  the  two 
agree,  is  not  only  to  understand  nature’s 


way  of  doing  things,  but  to  do  nature 
one  better — and  perhaps  faster.  “The 
traditionalists  say,  ‘If  nature  makes  it, 
what’s  new?’  ”  says  Viney.  “That’s 
why  I  am  very  careful  to  say,  we  are 
selecting  what  we  learn  from  nature— 
not  trying  to  copy  it  exactly,  because 
there  would  be  no  point  in  that.” 

Currently,  Viney’s  main  research 
interest  is  liquid  crystals — substances 
suspended  in  a  state  somewhere 
between  a  solid  crystal  and  a  liquid. 
Millions  of  us  wear  artificial  liquid 
crystals  on  our  wrists:  they  make  up  the 
display  screen  for  digital  watches. 

While  liquid  crystals  may  be  com¬ 
monplace  in  a  watch,  Viney  and  his 
colleagues  surprised  the  scientific 
world  when  they  wrote  that  silk  secret¬ 
ed  by  silkworms  and  spiders  owes  its 
exceptional  strength  to  temporarily 
becoming  a  liquid  crystal.  The  team 
found  that  as  the  golden  orb  weaver  spi¬ 
der  secretes  its  webbing,  molecules  in 
the  droplets  align  themselves  in  rod-like 
structures — passing  through  an  interim 
phase  in  which  they  take  on  a  semi- 
ordered  strucUire.  The  result  is  a  materi¬ 
al  that,  when  solidified,  can  support  far 
more  weight  for  its  size  than  steel. 

By  understanding  how  spider  silk 
works,  Viney  believes  we  may  some¬ 
day  use  this  information  to  improve 
bulletproof  vests  and  build  stronger  sus¬ 
pension  bridges,  for  instance. 

Viney  and  others  involved  in  bio¬ 
mimetics  often  speak  of  “hierarchical 
microstructures.”  The  same  components 
can  be  reassembled  again  and  again  in 
things  that  may  be  very  different  from 
one  another. 

How  different?  As  unlike,  say,  as 
multi-legged  spiders  and  slimy  slugs. 
Earlier  this  year,  Viney,  Bioengineering 
and  Biostructure  Professor  Pedro  Ver- 
dugo  and  UW  graduate  student  Anne 
Huber  became  the  first  to  report  that 
there’s  much  more  to  the  mucus  high¬ 
way  secreted  by  common  banana  slugs 
than  previously  thought. 

Though  mucus  research  lacks  mass 
appeal,  it  can  shed  light  on  a  host  of 
human  health  problems,  induding  cystic 
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fibrosis  and  other  abnormalities 
in  the  reproductive  and  digestive 
tracts.  To  Vhney  and  Verdugo, 
mucus  is  one  of  nature's  most 
remarkable  substances.  Slugs 
use  it  not  only  for  transportation, 
but  also  for  protection — 
enabling  them,  for  instance,  to 
creep  harmlessly  along  the  edge 
of  a  razor  blade. 

Verdugo,  who  has  studied 
mucus  in  a  variety  of  species 
for  nearly  two  decades,  and 
other  researchers  had  thought 
that  the  microstructure  of 
mucus  was  much  like  a  ran¬ 
domly  tangled  web  of  spaghet¬ 
ti — its  consistency  dependent 
on  the  extent  of  tangling  (the 
more  tangled,  the  thicker). 
However,  once  released  from 
the  small  granules  in  which  it  is 
stored  inside  the  cell,  slug 
mucus  can  swell  up  to  50  times  its  ini¬ 
tial  volume — so  fast  that  researchers 
use  the  term  “explosive.”  In  fact, 
mucus  granules  can  expand  from  10  to 
500  microns  in  15  to  20  milliseconds. 
And  this  had  researchers  stumped: 
How  can  something  expand  so  fast,  so 
efficiently,  if  it  is  as  disorganized  as  a 
bowl  of  tangled  spaghetti? 

Now,  much  more  is  known,  thanks 
to  Viney  and  colleagues.  Earlier  this 
year,  they  showed  that  slug  mucus  is 
highly  organized,  not  random.  They 
found  that  before  secretion,  mucus 
molecules  are  stored  in  tightly  packed, 
accordion-like  bunches  like  jack-in-the- 
boxes.  When  secreted,  the  molecules — 
polymers  with  all  the  characteristics  of 
liquid  crystals — absorb  water,  expand¬ 
ing  at  high  rates  without  involving  high 
amounts  of  energy. 

The  tremendous  range  of  expansion 
and  condensation  is  what  makes  mucus 
one  of  nature’s  “very  best  inventions,” 
says  Verdugo.  Understanding  the  struc¬ 
ture  is  the  key  to  the  design  of  new  and 
highly  efficient  polymer  gels.  “Now  we 
have  a  gateway  to  understanding  how 
to  develop  new  technology.  We  have 
the  blueprints  nature  used,  and  we  can 
re-engineer  them  in  our  own  land.” 

While  much  research  remains,  Ver¬ 
dugo,  Viney  and  others  foresee  many 
potential  inventions  coming  from  bio- 
mimetic  materials  based  on  mucus.  For 
example,  they  might  foster  new  drug 
delivery  systems  for  cancer  patients, 
pollutant  traps  in  sewage  treatment 
plants,  and  water-based  lubricants.  And 
if  mucus  makes  such  an  ideal  highway 
for  slugs,  light  rail  might  someday  be 


replaced  by  slime  rail. 

Another  gastropod,  the  red  abalone, 
absorbs  much  of  Sarikaya’s  interest. 
Over  the  course  of  its  life,  this  sea¬ 
dwelling  creature  produces  an  impact- 
resistant  shell  so  hard  it  can  be  run  over 
by  a  truck  without  breaking.  But  if  the 
shell  does  get  damaged  in  the  natural 
world,  it  heals  itself — and  later,  when 
its  occupant  dies,  the  shell  readily 
biodegrades.  Finally,  the  abalone  and 
similar  organisms  manufacture  their 
shells  at  sea-water  temperature  using  a 
readily  available  ingredient:  calcium 
carbonate,  a.k.a.  chalL 

Broken  down  into  components, 
abalone  shells  are  relatively  simple, 
explains  Sarikaya,  much  like  a  single 
Lego  brick.  When  assembled,  however, 
the  components — ranging  in  size  from 
molecules  to  millimeters — function 
together  to  provide  a  material  well  worth 
mimicking:  one  that  incorporates  superb 
properties  of  toughness  and  strength. 

Using  powerful  electron  micro¬ 
scopes,  Sarikaya  found  beneath  the 
shell’s  outer  portion  a  section  consisting 
of  extremely  thin  layere  of  laminate.  It’s 
here  that  nature’s  masons  are  at  work, 
as  flat  bricks  of  calcium  carbonate  are 
set  off  from  one  another  in  typical 
brick-wall  fashion.  The  “mortar”  hold¬ 
ing  them  together  consists  of  small 
amounts  of  organic  matter,  mostly  pro¬ 
teins  and  sugars. 

Sarikaya  and  colleagues  tested  the 
abalone’s  composite  material  and  found 
that  it  has  greater  toughness  and  strength 
than  conventional  ceramics  alone  owing 
to  its  brick  architecture  and  the  organic 
mortar.  The  next  step  is  to  unlock  how 


the  mollusk  produces  the  pro¬ 
teins  and  sugar  molecules  that 
make  up  the  mortar.  Tlten  they 
must  discover  how  this  material 
finds  its  way  through  the  watery 
enviromnent  within  the  shell  to 
the  correct  layer —  and,  once 
there,  assembles  itself  exactly 
where  it  is  needed. 

To  help  break  the  secrets, 
Ilhan  Aksay,  at  Princeton,  and 
Sarikaya  enlisted  the  help  of 
genetic  engineers.  The  team 
hopes  to  invent  genetically 
engineered  organic  “templates.” 
With  these  plans,  Sarikaya 
thinks  he  can  grow  technologi¬ 
cal  materials  the  same  way  as 
an  abalone  produces  its  shell. 

There  even  is  the  possibility 
of  duplicating,  perhaps  using  dif¬ 
ferent  materials,  the  abalone 
shell’s  ability  to  self-heal.  Does 
this  mean  it  could  never  be  destroyed? 
Not  to  worry,  says  Sarikaya;  science 
also  will  come  up  with  a  way  to  switch 
this  capability  on  and  off. 

Tliis  concept  and  other  as-yet-unan- 
swered  questions  about  biomimetics 
lead  even  its  chief  proponents  to  cau¬ 
tion  that  the  future  is  not  now.  But  it  is 
coming,  and  at  a  far  faster  speed  than  it 
took  technology  to  travel  from  Kitty 
Hawk  to  Cape  Canaveral. 

Ah,  but  if  we  are  going  to  take 
things  from  nature,  how  can  we  be  sure 
nature  is  right?  “You  can’t  be,” 
answers  Viney.  “Nature  has  some 
ideas.  That  is,  nature  has  optimized 
everything  very  nicely  for  what  nature 
has  to  do.  But  this  isn’t  always  ‘right’ 
for  biomimicking.” 

Feathers  not  only  help  birds  fly, 
Viney  wrote  a  year  ago,  they  also  pro¬ 
vide  protection  from  bumps  and  bruises. 

“Clearly  there  is  a  useful  suggestion 
here.  But  the  materials  engineer  who 
hurries  to  cover  his  automobile  with 
feathers  might  be  better  off  wearing 
them  himself.” 
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Using  wafer  as  o  solvent,  a 
spider  caRed  the  golden  orb 
weaver  spins  protein 
*  '  'ss  btg^thrMds 


efectri 
silk  is  tougl 


gerous  to  work  with  and  dif-  i 
biochemistry,  and  ficult  to  dispose  of.  Spider  silk,  on  the  ’ 


ther  hand,  is  spun  from  natural,  re¬ 
newable  rav#teaterials,  at  room  tem¬ 
perature  and  pressure,  lJ|i;^  water  in¬ 
stead  of  sulfLmft.^cid  ' 

“That  has  all  kinds  of  idc 
tions  for  materials  processing 
■StoeJ^  a  materials  scientist. 

^evlar,  you’ve  got  containment  and 
environmental  problems,  compared 
with  silk,  which  is  processed  under 
mundane,  everyday  conditions.”  And 
unlike  Kevlar,  spider  silk  is  also' 
biodegradable. 

astering  the  lessons  of  biologi¬ 
cal  processes  holds  another  in-  . 
Itriguing  possibility.  “Rarely  in 
Ipes  anything  function  for  a 
ptirpds'e,*  says  Stephen 
;on.  “This  Is'  key.”'He  envisions 
a  time  i^en  xy^  will  be  possible  to  pro- 
duce  synthetic  materials  that  not  only^^' 
mimic  the  superior  physical  properties!*; 
of  the  bess  beetle’s  outer  shelf  for  ex-'W' 
ample,  but  can  also  sense  the  sor¬ 
ing  environment  and  adapt. 

“What  about  an  airplane  wing  that 
can  tell  when  it  is  damaged  and  repair 
ilf?”  he  asks.  “It’s  kind  of  sci-fi  right 
ow,  blit  that’s  where  we’d  like  to  go.” 
Other  researchers  talk  about  suspen¬ 
sion  bridges  buUt  with  cables  made 
from  synthetic  silk;  genetically  altered 


ematics  and  physics, 
whom  share  a  deep  fascSi^^ 
tion  with  the  precision,  el¬ 
egance,  and  ingenuity 
of  biological  sys- 
T-K..  terns.  They  are 

looking  :!^  age- 
^)old  lessons 
from  nature  to  provide  inspiration  for 
the  materials  of  the  future. 

“Nature  has  solved  a  lot  of  complex 
problems  over  several  billion  yehrs  of 
research  and  development,  and  has 
come  up  with 
some  exquisite 
solutions,”  says 

m® 

program' '  manal 
er  for  the  Office  of 
Naval  Research, 
which  invested 
more  than  $5 
million  in  bio- 


last 

thought  how  is1 
look  at  the  struc¬ 
tures  j 

arrived  at  as '  a  ’ 
suggestion  for 
how  to  construct 
new  materials.!’-.. . 


Following  nature’s  lead  may0i^  -.telk'lKat  gpw  new  hard  tissue  to  re¬ 
advantages  even  beyohd  the  pr&i^  /pairhSk^jj>4h0s  and  replace^ssing 


of  new  substances  with  enhanced 
properties.  Researchers  believe  that 
biomimetics  will  lead  to  compounds 
thatare  ;qot  only  technolo^cally  supe¬ 
rior,  but  are  also  environment^y  be¬ 
nign.  A  synthetic  fiber  such  as  Kevlar, 
for  example,  is  produced  in  vats  of 


teeth;  di^_|3felivery  jystems  that  can 
sense  changes  arthe'body  and  release 
precise  amovmts  of  drugs  at  specific  lo¬ 
cations;  even  miniature  motors  that 
draw  their  power  from  the  same 
source  as  the  human  body,  converting 
chemical  energy  into  mechanical  force. 


A 


boiling  sulfiiric  acid  under high .  .  s^ary  of  raising  Unreasonable  expe^  - 
pressure.  The  process  is  energy  inten-  tations,  researchers  nation  J^a| 

■  '  ’  will  be  anywhere  fri^^Bve  ye 
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decades  before  bio-in- 
i  spired  materials  become 
^  commonplace.  For  now, 
^  scientists  in  the  field  of 
biomimetics  mostly 
concentrate  on  basic 
research  aimed  at 
uncovering  the  tm- 
derljdng  rules  gov- 
erning  the  pro- 
duction  of  biologi- 
cal  materials. 

Their  work  has 
already  led  to  an 
important  new 
insight.  What  they 
have  discovered  is 
that  nature  works  with  a 
small  number  of  simple 
building  blocks— sugars, 
proteins,  minerals,  and  wa¬ 
ter — over  which  it  exercis¬ 
es  precise  control  at  every 
level,  from  the  arrange¬ 
ment  of  atoms  into 
molecules,  to  the  assembly 
of  molecules  into  interme¬ 
diate  components  such  as 


when  a  team  of  researcheVs  alt*  the 
University  of  Washington  looked  at 
the  shell  with  an  electron  microscope, 
they  found  a  highly  ordered  brick-and- 
moitar  configuration — layer  upon  lay¬ 
er  of  ultrathin  calcium  carbonate 
(chalk)  platelets  held  together  by  an 
organic  protein  matrix  just  10  bil¬ 
lionths  of  a  meter  thick. 

The  microstructure  of  calcium  car¬ 
bonate  endows  the  shell  with  an  unex¬ 
pected  combination  of  properties;  It 
has  the  strength  of  the  most  advanced 
synthetic  ceramics,  yet  is  not  brittle 
like  ceramics,  which  get  their  strength 
from  the  poweidul  chemical  bonds  that 
hold  them  together.  Apply  enough 
force  to  break  these  bonds,  and  the  ce¬ 
ramic  cracks.  By  contrast,  the  layered 
platelets  of  abalone  resist  the  forma¬ 
tion  of  cracks.  “You  don’t  get  catas¬ 
trophic  failure  in  the  abalone  because 
the  platelets  slide  on  top  of  one  anoth¬ 
er  on  the  organic  layer,”  says 
Sarikaya.  “What  we  are  saying  is  that 
the  abalone  shell  deforms,  and  is  be¬ 
having  like  a  metal.” 


U1  IJlUlct-uico  - -  '  jv* 

diate  components  such  as  Sarikaya  believes  that,  if  he  and  his 
fibers  and  crystals,  up,,  colleagues  can  design  new  substances 

through  to  the  final  archi-'^using  the  principles  they  have  gleaned 

tecture  of  larger,  multi-  frdm ‘!Eh6,...§balone  shell,  they  wiU  be 
functional  composite  mate-  able  to''phoaUceireTOlutionary  new  ce- 
rials  like  wood,  bone,  or  rami(|cdmpMtet).^^i|.aMone  sheUs 
; _ Ttio  roenlt-  ordered  itrucfure  mSrcSses^the 


functional  composite  mate¬ 
rials  like  wood,  bone,  or 
insect  cuticle.  The  result¬ 
ing  natural  structures  are 
often  breathtakingly  com¬ 
plex  and  elegant. 

human  approach  to 


tor  of2(||Pfys.  “Woulfmtiill^M 
to!  ii®^t  the  properti® 
ceraimc  materials  by 'even  fiv<< 
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simple 

'brifc*'  liy  pi  'r  '"'^N^ntrol  that 

orgonk Tl*  arronge-  ^  far  l^yond 
menf  prevenf s  oo<ks  from  fonn-  engineering.  ’  t&S 

log,  mid  mokes  the  shell  mudi  less  "rake  the  exampletof  ^ 


brittle  thon  synthetk  (eromics. 


far  beyond 
engineering.  ’ ' 

1  Take  the  example^pITJ 


human  standards 


complex  niateriaU%aay^8^^^P^|MMifM“® 
Wainwnright,  a  mechamcal  a^ 

Duke  University  who  is  coffl^ered  , . 
one  of  the  pioneers  of  biomimetira.  » 

“But  there  isn’t  a  biological  maf^^ 
in  the  world  that  is’that  simpl^^tN 
In  nature,  a  creattOre 
abalone  is  able  to  take  a  simple  Sdt 
stance  like  chalk,  which  is  not  normal-/ , : 
ly  considered  a  useful  structural  matfr,.  / 
rial,  and  turn  it  into  a  surprisingly'  f  ed 
strong  shell.  Mehmet  Sarikaya  bou^t ' seaxt^p^ 
the  abalone  shell  that  inspired  his  re-  tial'.:;#"^^^^^^ 
search  from  a  roadside  stand  while  on  brought  hinS^®^^ 
a  weekend  trip  in  western  Washington  dated  with  insects, 
state.  The  battered  and  pitted  shell  worddleaw 
does  not  look  like  a  promising  model  "lliis  one  r 
for  the  materials  of  the  future.  But  didn't  brea 


iphe'n  Gunderson’s 
^^Itess  beetle  cu- 

^^;^^^was  inun- 


would  leave  notes  that  smd  things  like: 
“This  one  ran  into  iny-T^^hield  and 
didn’t  break.”  One  inse«^at  found 
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its  way  to  his  desk  was  the  bess  beetle. 

When  viewed  under  an  electron  mi¬ 
croscope,  the  bess  beetle’s  cuticle 
shows  a  remarkable  resemblance  to 
the  materials  used  in  modern  military 
aircraft.  “We  were  amazed  to  see  the 
similarity  between  its  microstructure 
and  some  of  the  advanced  composites 
,  we  were  working  on,”  Gunderson  says. 
Both}i&s  made  of  layers  of  fiber  that 
are  %ibedded  in  glue— sugar  embed¬ 
ded  ^^rotein  in  the  case  of  the  beetle, 
grap^fe:  embedded  in  epoxy  for  syn- 
thetiffftjterials.  The  layers  are 
stack^Sj^#  stretch  and  stiffness^ 
In  syntfew  comp^ltes,  l^e  lamina¬ 
tion  is  a  relatively’ simple,  symmetri¬ 
cal  design.  Gunderson  found’that  the 
lamination  in  the  bess  beetle  cuticle  is 
asymmetrical  but  highly  ordered,  with 
alternating  layers  precisely  rotated  so 
that  the  cuticle  is  formed  from  a  pair 
of  mingled  spirals,  what  Gunderson 
calls  a  “dual  helical  lay-up.” 

Engineers  who  work  with  compos¬ 
ites  previously  assumed  that  any 
structure  made  from  an  asjTnmetric 
layering  would  distort.  But  a  panel 
made  of  a  graphite  epoxy  composite 
following  the  beetle’s  architectural 
principles  didn’t  warp.  “It  was  so  un- 
^  symmetrical  that  it  was  symmetric,” 
?  says  Gunderson.  The  resulting  mate¬ 
rial  proved  to  have  better  load-bearing 
characteristics  and  greater  impact  re¬ 
sistance  than  materials  assembled  in 
»  a  traditional  symmetric  pattern. 

^  But  don’t  expect  to  fly  in  an  airplane 
A  sheathed  in  a  composite  material  that 
imitates  the  bess  beetle’s  dual  helical 
&  arcljitecture  anytime  soon.  While  sci- 
^entists  like  Gunderson  are  beginning 
f  to  decipher  some  of  nature’s  secrets, 
they  are  a  long  way  from  developing 
methods  that  will  allow  industry  to 
1  mass-produce  such  materials. 

I  still^  at  the  bottom  rung  of  bas 
IseOTch,”  says  Gunderson.  “Fror 
Ipoint  we’re  at  to  actual  use  in  a 
T  plane  is  still  years  and  years  aw£ 
Although  the  widespread  u 
.biomimetic  materials  remains  i 
’  future,  biomimetic  research  hi 
ready  led  to  a  number  of  patei 
materials.  At  the  Universi 
Alabama,  biophysicist  Dan  Urr 
been  studying  elastin,  a  commoi 
tein  found  in  skin  and  other  ( 
body  tissue.  He  has  devel¬ 
oped  a  synthetic  elastin 
that  has  been  tested  in 
rats  and  has  proven  to^^^^^ 


By  slightly  modifying  the  same  syn¬ 
thetic  elastin,  Uiry  has  created  a  mate¬ 
rial  that  shows  promise  as  a  replace¬ 
ment  for  damaged  tissue.  “If  yoU'haye  a 
material  with  the  same  elasticity  as 
normal  tissue,  you  can  make  a  i|mpo- 
rary,  synthetic  scaffolding,*  Uny  ex¬ 
plains.  Cells  will  be  attracted  to  this 
scaffolding  and  grow,  thus  rcgeneinjing 
the  damaged  site.  Such  a  material. 


5(^11  Md^^iiateintglmye  beeii  i 
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de^^j>ed  ty 


It  ’remains,' seen  wii^t|iter| 
firry’s  flurry’ of  patentable  ma 
signals  the  beginning  of  a  new  era^:, , 
which  materials  inspired  by  nat&^  , 
models  gradually  replace  the; 
petroleum-based  plastics  and  fabrics 
that  have  been  the  hallmark  of  most  of 
this  century’s  technology.  And  it  is  still 
too  early  to  predict  whether  hu¬ 
mankind,  having  evolved  through  the 
Stone  Age,  the  Bronze  Age,  and  the 
Iron  Age,  is  on  the  precipice  of  the 
transition  from  the  OU  Age  into  the 
Biomimetic  Age. 

At  the  very  least,  however,  it  seems 
clear  that  recent  advances  in  a  host  of 
technologies  ranging  from  electron 
microscopy  to  ge- 


Seen  here  under  magnification,  a 
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rot's  tooth  is  mode  from  rods  of 
0  calcium  compound  embedded  in 
a  fibrous  protein  coKed  collagen. 
This  structure  makes  the  tooth 
wear-resistant  ond  tough  enough 
to  gnaw  through  cons. 
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be  extremely  successfuC^^ 
in  preventing  the  forma¬ 
tion  of  adhesions  after 
surgery.  Researchers  a 
the  University  of  Utah  will 
use  sheets  of  elastin  to  virrap 
an  artificieJ  heart  they  are 
developing. 
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If  Ihe  Utopion  promise  of  a  hydrogen  economy  remoins  unM- 
filled,  it's  not  for  Me  of  effort.  The  concept  continues  to  be  o 
jwfent  ottroction,  with  vocnl  odvocofes.  r?; '  ’ '  ‘  c  - 
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The  mother  of  all  pearls 


OUGLAS  Adams  wrote  in  the  third 
I  part  of  his  series  the  Hitchhiker’s 


D 

I  .y  Guide  to  the  Galaxy,  “very  few  things 
aetually  get  manufactured  these  days,  be¬ 
cause  in  an  infinitely  large  universe  . . .  most 
things  one  could  possibly  imagine,  and  a  lot 
of  things  one  would  rather  not,  grow  some¬ 
where.”  As  an  example,  he  described  a  for¬ 
est  where  trees  grow  ratchet 
screwdrivers  as  fruit. 

Adams  may  soon  be  proved 
ri'^ht,  but  without  going  so  far 
afield.  Researchers  are  now  try¬ 
ing  to  harness  the  way  living 
organisms  can  produce  useful 
inorganic  materials.  They  hope 
to  produce  thin  coatings  which 
are  tougher  than  any  synthetic 
ceramic  and  microscopic  mag¬ 
nets  that  could  one  day  be  u.sed 
in  tiny  machines. 

Synthesising  these  organically 
made  materials,  a  process  called 
hiomimetics.  is  relatively  easy, 

.Mehmet  Sarikaya  of  the  Univer¬ 
sity  of  Washington  in  Seattle  told 
the  .American  Physical  Society 
meeting  in  Indianapolis  last 
week.  What  he  is  trying  to  do  is 
copy  the  organism's  own  manufacturing 
techniques,  to  avoid  the  expensive  high  tem¬ 
peratures  and  pressures  of  synthetic  methods. 

Sarikaya  wants  to  make  thin  films  of  a 


Daniel  Clery,  Indianapolis 

material  called  nacre,  more  commonly  known 
as  mother-of-pearl.  The  material  covers  the 
inside  of  shells  belonging  to  creatures  such 
as  abalone,  nautilus  and  bivalves,  and  is 
twice  as  tough  as  any  synthetic  ceramic. 


Oyster  cult:  synthetic  nacre  will  be  tougher  than  any  ceramic 


Sarikaya  has  concentrated  on  abalone;  its 
shell  is  made  of  small  crystals  of  calcium 
carbonate  cemented  together  with  organic 
material.  The  outer  layer  of  the  shell  consists 


of  a  matrix  of  hexagonal  prisms  of  calcium 
carbonate.  The  inside  of  the  shell  is  coated 
w'ith  nacre  which  consists  of  flat  hexagonal 
platelets  of  calcium  carbonate  laid  down  in  a 
multilayered  tiling  pattern. 

The  cells  of  the  abalone  closest  to  the  nacre 
layer  produce  proteins  which  are  responsible 
for  forming  the  nacre.  The  cells  release  the 
proteins  into  a  thin  layer  of  sea 
water  between  them  and  the 
shell.  The  water  also  contains 
calcium  and  carbonate  ions  and 
by  some  unknown  process’  the 
proteins  form  these  ions  |nto 
platelets  and  cement  them,  in 
place  as  a  new  layer  of  nacre. 

Sarikaya  has  managed  to  iso¬ 
late  the  proteins  responsible  for 
forming  nacre  and  is  about  to  set 
about  identifying  them. 

Once  he  knows  the  identity  of 
the  proteins,  he  will  find  the  gene 
responsible  for  producing  them 
and,  using  genetic  engineer¬ 
ing,  insert  it  in  the  bacterium 
Escherichia  coli.  This  bacterium 
will  then  produce  the  proteins  in 
u.sable  quantities. 

Sarikaya  then  hopes  he  will  be 


State  of  the  arc  for  waste  disposal 


A  MACHINE  that  can  tear  noxious  chemi¬ 
cals  apart  into  their  constituent  atoms 
was  commissioned  last  week  by  Australia’s 
largest  herbicide  manufacturers,  Nufarm. 

Inside  the  machine  an  electric  arc  is  fired 
between  two  copper  terminals  in  a  tube  filled 
with  argon  gas.  The  arc  creates  a  plasma — a 
hot  gas  made  up  of  atoms,  ions  and  elec¬ 
trons — within  which  temperatures  reach 
10  000  to  15  000  °C,  about  twice  as  hot  as 
the  surface  of  the  Sun. 

Toxic  organic  chemicals — such  as  dioxins 
and  polychlorinated  biphenols  (PCBs) — fed 
into  this  electric  arc  are  blasted  apart.  By 
carefully  controlling  physical  and  chemical 
conditions,  the  elements  can  be  recombined 
to  form  simple,  and  relatively  harmless, 
compounds  such  as  carbon  dioxide,  water 
and  hydrochloric  acid. 

•At  present,  Australia  has  no  means  of  dis¬ 
posing  of  such  hazardous  wastes.  They  are 
shipped  overseas  for  treatment  in  high- 
temperature  incinerators.  A  panel  of  experts 
is  touring  the  country  exploring  the  potential 
for  setting  up  an  incinerator  in  Australia. 
But  the  idea  has  met  stiff  opposition  {New 
Scientist,  8  June  1991,  p  35). 

The  new  technology  wqs  developed  at  the 
Division  of  Manufacturing  Technology  of 
the  CSIRO,  Australia’s  national  research 
body.  The  critical  problem  was  to  find  a 
means  of  ensuring  ^at  the  stream  of  waste 


passed  through  the  hottest  part  of  the  arc. 

This  was  solved  by  pumping  the  stream 
into  the  tube  from  the  centre  of  the  anode,  the 
positive  electrode.  The  shape  of  the  arc  is 
kept  stable  by  an  external  magnetic  field, 
which  ensures  the  wastes  always  enter  the 
hottest  part  of  the  arc.  The  CSIRO  research 
group  says  that  the  plant  destroys  virtually  all 
chemicals. 

The  reaction  tube  and  associated  equip¬ 
ment  is  compact  enough  to  fit  into  a  standard 
chemical  production  line,  allowing  wastes  to 
be  meated  as  they  are  produced.  This  saves 
the  cost  and  hazard  of  moving  them  to  a  large 
central  incinerator. 

A  company  spokesman,  Robert  Reis,  said 
Nufarm  had  selected  the  technology  after 
examining  about  20  other  methods  of  dis¬ 
posal  worldwide.  It  has  spent  about 
A$2  million  (£1  million)  developing  and 
installing  the  200-kilowatt  pilot  unit,  which 
can  treat  about  700  litres  of  waste. 

The  CSIRO  research  team  calculates  that 
the  system  will  cost  less  than  A$2  a  litre  to 
operate,  a  considerable  saving  on  the  A$5  to 
A$6  a  litre  it  presently  costs  to  dispose  of  the 
waste.  Rama  Ramakrishnan,  who  heads  the 
team,  believes  the  system  will  be  used  with 
conventional  technology  to  dispose  only  of 
the  most  intracable  wastes.  It  may  even  be 
used  in  the  destruction  of  US  chemical 
weapons  on  Johnston  Atoll  in  the  Pacific.  □ 


able  to  cover  objects  with  a  tough  coating  of 
nacre  by  immersing  them  in  a  solution  of  the 
proteins  and  necessary  ions.  His  work  is  only 
in  its  early  stagesand  he  does  not  expect  to 
accomplish  this  for  at  least  five  years. 

Meanwhile,  Richard  Frankel,  of  the  Cali¬ 
fornian  Polytechnic  State  University,  is  study¬ 
ing  waterborne  bacteria  that  find  their  way 
around  with  their  own  compasses.  “They  are 
a  masterpiece  of  permanent  magnet  engi¬ 
neering,”  Frankel  says. 

Inside  these  “magnetotactic”  bacteria  are 
sacks  made  of  a  membrane  that  gathers  iron 
and  oxygen  ions  from  the  water  to  create 
particles  of  an  oxide  called  magnetite,  each 
of  them  Just  50  nanometres  across.  Magnet¬ 
ite,  also  known  as  lodestone,  was  used  by  the 
ancient  Greeks  to  make  the  earliest  com¬ 
passes  but,  as  Frankel  points  out,  bacteria 
discovered  it  millions  of  years  earlier. 

The  bacteria  produce  particles  of  magnet¬ 
ite  with  a  very  precisely  controlled  size  and 
shape.  Each  bacterium  also  links  up  about 
half  a  dozen  particles  in  a  chain  which  pro¬ 
duces  a  stronger  magnet. 

These  bacteria  use  the  magnets  to  follow 
the  flux  lines  of  the  Earth’s  magnetic  field. 
One  type  of  the  bacterium  only  swims  to¬ 
wards  the  magnetic  pole,  which  in  effect 
takes  it  downwards  into  deeper  water.  An¬ 
other  type  can  move  up  and  down  the  flux 
line  until  it  finds  the  best  conditions. 

Frankel  has  succeeded  in  removing  the 
particles  from  the  bacteria  and  removing 
the  membrane  sack  around  them.  He  is 
now  analysing  the  protein Tn  the  sacks  and 
hopes  that  this  may  make  it  possible  to 
manufacture  microscopic  magnets  to  order, 
or  particles  of  other  ceramics.  □ 
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PUutic  L)  Pcude'-The  Secrete  of  Slug 


Slime,  Spider  Spit  and  Aiolluok 


Shell)  Will  Canoe  a  Revolution  in 


What  Our  World  u  Made  Of 


Ever  since  the  first  human  cast  an  envious 
eye  at  a  bird’s  ability  to  fly,  freople  have 
looked  to  the  naairal  world  for  ideas  to  imi¬ 
tate  and  shape  to  their  owm  needs. 

Today,  anned  with  powerful  computers, 
imaging  devices  and  other  advanced  technologies,  engi¬ 
neers  and  scientists  from  many  disciplines  have  begun 
to  take  the  closest  look  ever  at  how  and  why  nature 
does  what  it  does  —  at  all  levels,  from  individual  mol¬ 
ecules  and  cells  to  entire  organisms. 

That  look  will  result  in  a  revolution,  say  engineering 
professors  at  the  UW.  Just  as  biotechnology  is  changing 
the  way  we  fight  disease  and  advance  our  health,  an¬ 
other  “bio”  discipline  —  called  “biomimetics”  —  will 
change  the  materials  we  use  to  work  and  live. 

“We  are  on  the  brink  of  a  materials  revolution  that 
will  be  on  a  par  with  the  Iron  Age  and  the  Industrial 
Revolution,”  says  Materials  Science  and  Engineering  Pro¬ 
fessor  Mehmet  Sarikaya.  “We  are  leaping  forward  —  we 
are  not  running  —  into  a  new  era  of  materials.  Within 
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the  next  century,  I  think  biomimetics  will  significantly  al¬ 
ter  the  way  in  which  we  live." 

Biomimetics  draws  on  some  of  the  most  powerful 
source  material  imaginable:  hundreds  of  millions  of 
years  of  evolution  in  which  nature,  slowly,  painstak¬ 
ingly,  has  jierfected  or  discarded  creature  after  creature, 
adju.sting  and  refining  all  life. 

Reaching  into  nature’s  vast  trove  of  time-tested, 
Linpatented  ideas  —  .some  of  the  very  j^tcKesses  that 
have  enabled  the  w'orld  to  tick  on  quite  nicely,  thank 
you,  for  as  long  as  it  has  — -  these  re.searchers  think  they 
can  figure  out  how  to  make  useful  things  from  materials 
that  not  only  are  stronger,  tougher  and  superior  to  what 
we  have  today,  but  that  also  don’t  harm  the  environ¬ 
ment  or  use  excessive  amounts  of  energy. 

To  this  end,  scientists  at  the  UW  College  of  Engineer¬ 
ing  and  elsewhere  have  begun  - —  barely,  they  concede 
—  to  take  apart  and  analyze  everyday  marvels  from 
the  natural  world:  things  as  simple  as  how  a  spider 
spins  its  silk,  a  slug  secretes  its  mucus,  or  an  abalone 
grows  its  shell. 

The  payoff  will  not  begin  for  a  decade  or  tv-  o.  But 
when  it  comes,  brace  yourself  for  what  Neivsii'eek  last 
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December,  in  an  article  describing  biomimetics  at  the  UW, 
termed  “the  next  revolution  in  what  the  world  is  made  of. 
Even  at  its  infancy,  the  field’s  possibilities  are  stunning: 

■  ships,  aircraft,  cars,  clothes,  buildings  and  yes,  even 
picture  windows  made  from  materials  that  heal  them- 
selv'es  when  dented,  hit,  punaured  or  smashed; 

■  long  bridges  spanning  Puget  Sound  and  other  water¬ 
ways,  suspended  from  glistening,  lightweight  cables  no 
thicker  than  a  garden  hose  yet  possessing  previously 
unknown  strength,  toughness  and  durability'; 

■  thin,  gel-like  coatings  that  come  in  a  tube  and  can  be 
applied  to  human  skin,  giving  police  officers  and 
firefighters  instant  protection  from  bullets  and  flames; 

■  ecologically  ideal  building  constaiction  materials  that 
can  be  instantly  manufactured  at  room  temperature  from 
virtually  whatever  happens  to  be  present  in  sufficient 
quantities  —  be  it  dirt,  pine  needles  or  chalk; 

■  and  whole,  complex  chemical  “factories”  capable  of 
rendering  even  the  most  toxic  organic  compounds  harm¬ 
less  — ■  located  within  the  cortfines  of  a  single  organic  cell. 

How  necessary  is  this  revolution?  Materials  scientists 
say  the  world  has  taken  petroleum-based  plastics  and 
fabrics  alx>ut  as  far  as  possible.  But  the  need  for  new, 
tougher,  stronger,  lighter  and  more  energy  efficient  and 
environmentally  sound  materials  is  ever  present. 

“BasicaUy,  we’re  stuck,”  says  Sarikaya,  a  pioneer  in 
biomimetics.  “The  world  needs  lighter  planes,  lighter 


cars,  lighter  engines  that  can  operate  at  much  higher 
temperatures,  and  a  host  of  other  new  materials.  Btit  to¬ 
day,  we’re  still  working  with  the  ceramic  materials  we've 
had  for  the  past  25  to  30  years,  for  example,  and  metals 
that  have  teen  around  for  100  years." 

UW  Bioengineering  Professor  Christopher  Viney  half- 
jokingly  puts  it  like  this:  “Tlte  challenge  is  to  make 
things  that  are  stiff  and  tough  and  have  the  right  color 
and  the  right  fatigue  projx;rties,  that  don’t  cost  anything, 
won’t  hurt  the  environment  and  can  te  made  out  of 
teach  sand." 

Viney,  who  also  is  an  adjunct  professor  in  materials 
science  and  a  1992  UW  Distinguished  Teaching  award- 
winner,  weaves  his  biomimetics  research  into  lectures 
for  incoming  engineering  students.  First,  he  shows  a 
slide  of  a  helicopter  made  from  Lego  bricks.  He  asks  the 
students  to  describe  what  they  see.  “They  always  re¬ 
spond  the  same  w'ay,”  says  Viney.  “They  either  say  it’s  a 
helicopter.  Lego  bricks,  gears  or  some  such  thing  —  but 
I  never  get  the  answer  I’m  trying  to  lead  them  to.” 

Next,  he  flashes  up  a  slide  of  a  tractor  and  crane,  also 
built  from  Lego  bricks.  “I  tell  the  students,  ‘Same  Lego 
kit,  exactly  the  same  pieces.  Different  toys  built  from  it.’ 
And  then  I  go  on  to  explain  that  what  nature  offers  us  is 
a  set  of  building  blocks:  20  amino  acids.  And  from 
these,  all  the  proteins  in  the  world  —  the  millions  of  dif¬ 
ferent  types  of  proteins  necessary  to  sustain  every  form 
of  life  on  earth  —  are  manufactured.  But  there  are  only 
20  types  of  blocks  in  the  starter  kit.  Just  20. 

“The  idea  is  to  bring  nature  into  the  repertoire  of  tools 
for  inspiration  and  get  ideas  for  how  to  proceed,”  he  con¬ 
tinues.  “Nature  didn’t  teach  us  to  make  those  things,  but 
there  are  some  really  neat  starting  materials  lying  aroimd.” 


Viney  and  Sarikaya  are  among  approximately  500 
biomimeticians  in  the  United  States  —  a  field  where  the 
U.S.  is  the  undisputed  world  leader.  The  goal,  the  two 
agree,  is  not  only  to  understand  nature’s  way  of  doing 
things,  but  to  do  namre  one  better  —  and  perhaps  faster. 
“The  traditionalists  say,  ‘If  nature  makes  it,  what’s  new?’  ” 
says  Viney.  “That’s  why  I  am  very  careful  to  say,  we  are 
selecting  what  we  learn  from  nature  —  not  trying  to 
copy  it  exactly,  because  there  would  be  no  point  in  that.” 

Currently,  Viney’s  main  research  interest  is  liquid  crys¬ 
tals  —  substances  suspended  in  a  state  somewhere  be¬ 
tween  a  solid  crystal  and  a  liquid.  Millions  of  us  wear 
artificial  liquid  crystals  on  our  wrists:  they  make  up  the 
display  screen  for  digital  watches. 

While  liquid  crystals  may  be  commonplace  in  a 
watch,  Viney  and  his  colleagues  surprised  the  scientific 
world  when  they  wrote  that  silk  secreted  by  silkworms 
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tx'amiing  a  liquid  cry'stal.  The  1991  report,  published  in 
Nature,  was  co-authored  by  UW  graduate  student 
Keven  Kerkam,  and  colleagues  front  the  U.S.  Army  Re¬ 
search,  Development  and  Engineering  Center. 

Tlte  team  found  that  as  the  golden  orb  weaver  spider 
secretes  its  webbing,  molecules  in  the  droplets  align 
themselves  in  rod-like  structures  —  passing  through  an 
interim  phase  in  which  they  take  on  a  semi-ordered 
staicture.  The  result  is  a  material  that,  when  solidified, 
can  support  far  more  %veight  for  its  size  than  steel. 

By  understanding  how'  spider  silk  works,  Viney  be¬ 
lieves  we  may  someday  use  this  information  to  im¬ 
prove  bulletproof  vests  and  build  stronger  suspension 
bridges,  for  instance. 

Viney  and  others  involved  in  biomimetics  often  speak 
of  “hierarchical  microstructures,”  which  are  like  a  catalog 
of  Lego  constructions.  The  same  components  can  be  as¬ 
sembled  and  reassembled  again  and  again  in  things  that 
may  be  very  different  from  one  another. 

How  different?  As  unlike,  say.  as  multi-legged  spiders 
and  slimy  slugs.  Earlier  this  year,  Viney,  Bioengineering 
and  Biostructure  Professor  Pedro  Verdugo  and  UW 
graduate  student  Anne  Huber  became  the  first  to  report 
that  there  s  much  more  to  the  mucus  highway  secreted 
by  common  banana  slugs  than  previously  thought. 

Though  mucus  research  lacks  mass  appeal,  it  can 
shed  light  on  a  host  of  human  health  problems,  includ¬ 
ing  cystic  fibrosis  and  other  abnormalities  in  the  repro- 
ducUve  and  digestive  tracts.  To  Viney  and  Verdugo, 
mucus  is  one  of  nature’s  most  remarkable  substances. 
Slugs  use  it  not  only  for  transportation,  but  also  for  pro¬ 
tection  enabling  them,  for  instance,  to  creep  harm¬ 
lessly  along  the  edge  of  a  razor  blade. 

Verdugo,  who  has  studied  mucus  in  a  variety  of  spe-  | 
cies  for  nearly  tw'o  decades,  and  other  researchers  had 
thought  that  the  microstructure  of  mucus  was  much  like 
a  randomly  tangled  web  of  spaghetti  —  its  consistency 
dependent  on  the  extent  of  tangling  (the  more  tangled, 
the  thicker).  How'ever,  once  released  from  the  small 
granules  in  which  it  is  stored  inside  the  cell,  slug  mucus 
can  swell  up  to  50  times  its  initial  volume  —  so  fast  that 
researchers  use  the  term  “explosive.”  In  fact,  mucus 
granules  can  expand  from  10  to  500  microns  in  15  to  20 
milliseconds.  And  this  had  researchers  stumped;  How 
can  something  expand  so  fast,  so  efficiently,  if  it  is  as 
disorganized  as  a  bowl  of  tangled  spaghetti? 


SheUgame:  UW  scientists  are  studying  the  red  abalone.  Haliotis 
^frscem,  found  along  the  coast  of  Southern  California  and  Baja 
Cahiornia.  Drawing  courtesy  of  Mehmet  Sarikaya 


Bricks  and  mortar:  At  top,  an  electron  microscope  enlarges  a 
section  of  an  abalone  shelf  10,000  times,  showing  the  brick-and- 
mortar  architecture.  At  bottom,  an  electron  microscope  image  of  a 
fracture  surface  suggests  that  the  shell  is  tough  and  strong.  Photos 
courtesy  of  Mehmet  Sarikaya.  ° 

Now,  much  more  is  knowm,  thanks  to  Viney  and  col¬ 
leagues.  Earlier  this  year,  they  show'ed  that  slug  mucus  is 
highly  organized,  not  random.  They  found  that  before 
.secretion,  mucus  molecules  are  stored  in  tightly  packed, 
accordion-like  bunches  like  jack-in-the-boxes.  When  se¬ 
creted,  the  molecules  —  polymers  with  all  the  character¬ 
istics  of  liquid  crystals  —  absorb  water,  expanding  at 
high  rates  without  involving  high  amounts  of  energy. 

The  tremendous  range  of  expansion  and  condensation 
is  what  makes  mucus  one  of  nature’s  “very  best  inven¬ 
tions,”  says  Verdugo.  Understanding  the  structure  is  the 
key  to  the  design  of  new  and  highly  efficient  polymer 
gels.  “Now  we  have  a  gateway  to  understanding  how  to 
develop  new  technology.  We  have  the  blueprints  nauire 
used,  and  we  can  re-engineer  them  in  our  own  land.” 

While  much  research  remains,  Verdugo,  Viney  and 
others  foresee  many  potential  inventions  coming  from 
biomimetic  materials  based  on  mucus.  For  example, 
they  might  foster  new  drug  delivery  systems  for  cancer  I 
patients,  pollutant  traps  in  sewage  treatment  plants,  and 
water-based  lubricants.  And  if  mucus  makes  such  an 
ideal  highway  for  slugs,  light  rail  might  someday  be  re¬ 
placed  by  slime  rail. 

Another  gastropod,  the  red  abalone,  absorbs  much  of 
Sarikaya’s  interest.  Over  the  course  of  its  life,  this  sea- 
dwelling  creature  produces  an  impact-resistant  shell  so 
hard  it  can  be  run  over  by  a  tnick  without  breaking.  But 
if  the  shell  does  get  damaged  in  the  natural  world,  it 
heals  itself  —  and  later,  when  its  occupant  dies,  the  shell 
readily  biodegrades.  Finally,  the  abalone  and  similar  or¬ 
ganisms  manufacture  their  shells  at  sea-w^ater  tempiera- 
ture  using  a  readily  available  ingredient;  calcium 
carbonate,  a.k.a.  chalk. 

Broken  down  into  components,  abalone  shells  are 
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relatively  simple,  explains  Sarikaya,  much  like  a  single 
Lego  brick.  When  assembled,  however,  the  compo¬ 
nents  —  ranging  in  size  from  molecules  to  millimeters 
—  function  together  to  provide  a  material  well  worth 
mimicking:  one  that  incorporates  superb  properties  of 
toughne.ss  and  strength. 

It's  how  these  components,  these  bricks,  are  put  to¬ 
gether  that  makes  the  shell  a  miracle  material.  Using 
pxjwerful  electron  microscopes,  Sarikaya  found  beneath 
the  shell’s  outer  portion  a  section  consisting  of  ex¬ 
tremely  tliin  layers  of  laminate.  It's  here  that  nature’s  ma¬ 
sons  are  at  work,  as  flat  bricks  of  calcium  carbranate  are 
set  off  from  one  another  in  typical  brick-wall  fashion. 
The  “mortar”  holding  them  together  consists  of  small 
amounts  of  organic  matter,  mostly  proteins  and  sugars. 

Sarikaya  and  colleagues  tested  the  abalone’s  compos¬ 
ite  material  and  found  that  it  has  greater  toughness  and 
strength  than  conventional  ceramics  alone,  owing  to  its 
brick  architecture  and  the  organic  mortar.  The  next  step 
is  to  unlock  how  the  mollusk  produces  the  proteins  and 
sugar  molecules  that  make  up  the  mortar.  Then  they  must 
discover  how  this  material  finds  its  way  through  the  wa¬ 
tery  environment  within  the  shell  to  the  correct  layer  — 
and,  once  there,  assembles  itself  exactly  where  it  is  nec-ded. 

To  help  break  the  secrets,  Ilhan  Aksay,  fonnerly  at  the 
UW  and  now  at  Princeton,  and  Sarikaya  enlisted  the 
help  of  genetic  engineers  on  the  faculty  of  the  UW 
School  of  Medicine:  Medical  Geneticist  Clement  Furlong 


and  Microbiologist  James  Staley.  Tlie  team  hopes  to  in¬ 
vent  genetically  engineered  organic  “templates.  ”  With 
these  plans  Sarikaya  thinks  he  can  grow  technological 
materials  the  same  way  as  an  abalone  produces  its  shell. 

HERE  EVTiN  IS  THE  possibility  of  duplicating, 

'  ■  ^  perhaps  using  different  materials,  the  aba- 

■  lone  shell's  ability  to  self-heal.  Does  this 
M  mean  it  could  never  be  destroyed?  Not  to 

worry,  says  Sarikaya;  science  also  will  come 
up  with  a  way  to  switch  this  capability  on  and  off. 

This  concept  and  other  as-yet-unanswered  questions 
about  biomimetics  lead  even  its  chief  proponents  to 
caution  that  the  ftiture  is  not  now.  But  it  is  coming,  and 
at  a  far  faster  speed  than  it  took  technology  to  travel 
from  Kitty  Haw'k  to  Cape  Canaveral. 

Ah,  but  if  w  e  are  going  to  take  things  from  nature, 
how  can  w  e  be  sure  nature  is  righfi'  “You  can’t  be,”  an¬ 
swers  Viney,  “Nature  has  some  ideas.  That  is,  nature  has 
optimizcxJ  everything  very  nicely  for  w'hat  nature  has  to 
do.  But  this  isn’t  always  ‘right’  for  biomimicking.” 

Feathers  not  only  help  birds  fly,  Viney  wrote  earlier  this 
year,  they  also  provide  protection  from  bumps  and  bruises. 

“Clearly,  there  is  a  usefiil  suggestion  here.  But  the  ma¬ 
terials  engineer  who  hurries  to  cover  his  automobile 
with  feathers  might  be  better  off  wearing  them  himself.” 

LG.  Blanchard  covers  engineering  for  the  UW  Office  of 
Nem  and  Information.  He  lives  on  Vashon  Island. 
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